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The discovery and synthesis of new polymorphs of solids is one of the most attractive
tasks for chemists in the development of new materials. To transfer the current synthesis
means from empirically random search to rational design based on theoretic prediction
has become one of the most desired goals in material science. To achieve this requires
a systematic study of the free energy of the interesting materials. The present work
here will report a transmission electron microscopy study in structure evolution from
amorphous to polycrystalline phases of alkaline earth fluorides, by which the energy
landscape of the fluoride materials are experimentally explored.
Structural disorder and distortion play a significant role in structure evolution,
especially when amorphous phases are involved. An experimentally precise
characterization of the disordered structure is crucial for a correct understanding
of the phase transformation. An important quantity in such characterization is the
so-called pair-distribution function (PDF), which represents the distribution of atomic
pair distances in the investigated material and can therefore also provide insight into
the structural distortions in crystalline materials. PDF measurements currently gains
increasing application in various fields of material science, especially in neutron and
X-ray diffraction. In comparison, electron diffraction can be performed in standard
transmission electron microscopes and is thus easily accessible. It also offers the
possibility of obtaining data from small material volumes which may be crucial in
hetero-structured specimens. However, the PDF technique based on electron diffraction
is still not a routine as in X-ray synchrotron and neutron radiation measurements due
to the difficulties caused by strong dynamic scattering of electrons, inelastic scattering
contribution, and difficult large-angle acquisition. This work carefully studied the
electron diffraction based PDF technique. Modifications of the technique were focused
on the large-angle data acquisition in energy-filtered diffraction experiments and data
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processing as well as multiple scattering correction, by which the reliability of the
experimental PDF was remarkably improved.
In this work, the modified PDF technique based on in-situ electron diffraction was used
to investigate the structure evolution in the phase transformation processes of alkaline
earth fluorides. By combination of molecular dynamic simulations the experimental
PDFs were clearly interpreted. The structure evolution was further comprehended and
finally interpreted within the energy landscape concept.
High-resolution transmission electron microscopy, electron energy-loss spectroscopy,
and energy-filtered transmission electron microscopy were also involved in the studies
for investigation of crystalline structures.
In addition to the experiments, structural modelling based on reversed Monte-Carlo
method was studied. An approach based on a modified reverse Monte-Carlo method for
overcoming the difficulty caused by the dynamic scattering was reported.
iv
Zusammenfassung
Die Entdeckung und Synthese neuer polymorpher Festko¨rper mit dem Ziel der
Entwicklung neuer Materialien ist eine der wichtigsten Aufgaben in der Chemie.
Entscheidend ist hierbei, die zufa¨llige empirische Suche durch rationales Design
(basierend auf theoretischen Vorhersagen) zu ersetzen. Um dies zu erreichen,
beno¨tigt man eine systematische Studie der freien Energie des interessierenden
Materialsystems. In dieser Arbeit wurde mittels Transmissionselektronmikroskopie
(TEM) der Strukturu¨bergang von der amorphen zur polykristallinen Phase in
Erdalkalifluoriden untersucht. Dies ermo¨glichte Einblicke in die Freie-Energie-
Landschaft der Fluoride.
Strukturelle Fehlordnung und Verzerrung spielen eine wichtige Rolle in der
Strukturbildung, insbesondere wenn amorphe Phasen beteiligt sind. Deshalb
ist eine genaue experimentelle Charakterisierung der ungeordneten Strukturen
entscheidend fu¨r das korrekte Versta¨ndnis der Phasenu¨berga¨nge. Dabei spielt die
sogenannte Paarverteilungsfunktion (PVF) eine zentrale Rolle. Sie repra¨sentiert
die Ha¨ufigkeit von Atompaarabsta¨nden im untersuchten Material und erlaubt
damit Einblicke in die atomistische Struktur. PVF-Messungen werden speziell
in der Neutronen- und Ro¨ntgenbeugung in zunehmendem Maße in verschiedenen
Bereichen der Materialforschung eingesetzt. Im Gegensatz zu diesen Verfahren
kann Elektronenbeugung in herko¨mmlichen Transmissionselektronenmikroskopen
durchgefu¨hrt werden welche einfach zuga¨nglich sind. Daru¨ber hinaus kann
Elektronenbeugung auf kleine Materialvolumina angewandt werden was fu¨r die
Untersuchung feinskaliger heterostrukturierter Proben extrem hilfreich ist. Jedoch ist
die PVF-Bestimmung mittels Elektronenbeugung immer noch kein Routineverfahren.
Dies liegt insbesondere an den starken dynamischen Effekten bei der Beugung von
Elektronen, dem Einfluss inelastischer Elektronenstreuung und der Schwierigkeit, große
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Streuwinkel zu erfassen. In dieser Arbeit wurden diese drei Probleme untersucht,
Lo¨sungen erarbeitet und somit die PVF-Bestimmung mittels Elektronenbeugung
optimiert. Dabei kam die energiefilternde TEM zum Einsatz und es wurde eine
Mehrfachstreukorrektur angewandt, welche die Zuverla¨ssigkeit der experimentellen
PVF deutlich verbesserte.
Mit Hilfe dieser verbesserten Verfahren wurde in dieser Arbeit Elektronenbeugung
wa¨hrend des Anlassens (d.h. in situ) von bei tiefen Temperaturen abgeschiedenen
Fluoriden durchgefu¨hrt. In Verbindung mit molekulardynamischen Simulationen
konnten experimentelle PVFen eindeutig interpretiert werden. Die Strukturbildung
wurde im Rahmen des Energielandschaftskonzepts interpretiert.
Als erga¨nzende Methoden zur Untersuchung der kristallinen Phasen wurden
die hochauflo¨sende TEM, Elektronen-Energieverlustspektroskopie (EELS) und
energiegefilterte Transmissionselektronmikroskopie (EFTEM) eingesetzt. Daru¨ber
hinaus wurde Strukturverfeinerung mittels inverser Monte-Carlo-Methoden studiert.
Es wurde eine modifizierte inverse Monte-Carlo-Methode vorgestellt, welche zur
u¨berwindung der Schwierigkeiten durch die dynamische Beugung beitragen ko¨nnte.
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The knowledge of composition and structure as well as properties of new solid-state
compounds leads to essential progress of material science. Discoveries and synthesis
of new solid-state compounds is one of the fundamental tasks in solid-state chemistry
research. The synthesis approaches up to now are still based on empirical experience.
This empirical search of synthesis condition is an extremely time-consuming work
and unable to predict existence of naturally non-existing compounds. Therefore, to
synthesize the solid-state compounds with well-controlled composition and structure,
and hence the desired properties and functions based on theoretical predictions, becomes
one of the most desired goals in material science [1–4]. To achieve a rational design
of synthesis in solid-state chemistry, two basic steps are necessary: 1. Discovery of
the possibly existing compounds and prediction of their structures and properties. 2.
Designing a reasonable synthesis route to realize the predicted compounds [5–7]. Within
thermodynamic theories, both of the above steps need an understanding the free energy
of the investigated material systems. Therefore a systematic pre-study of the energy
landscape becomes the key point of realizing the rational synthesis.
Theoretical studies of the energy landscape have been implemented for more than
two decades [8–13]. Nevertheless, sampling all points on the energy landscape in
theoretical calculation is unachievable with nowadays computing power. Thus, an
alternative approach based on the experimental exploration is involved into the studies.
One successful method is the so-called low-temperature atom-beam deposition [14].
With such a technique the investigated material is deposited on a low-temperature
substrate to form an amorphous structure and then annealed to higher temperature.
The annealing induced phase transformations can be observed and recorded by
several characterization techniques. The experienced phases correspond to different
thermodynamically (meta)stable states of the investigated system, hence the different
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1 Introduction
(locally) ergodic regions on the energy landscape. Accordingly, the energy landscape of
the investigated system is eventually explored to a certain extent. This experimental
approach has much efficiency and broad applicability on material systems, although it
cannot provide the values of the minima and barrier in the observed ergodic region as
precise as ab-initio level calculations.
The experimental exploration approach requires high-quality characterization results
to obtain accurate and precise structures. One of the challenges is that the starting
point of the phase transition has a highly disordered or even amorphous structure.
Resolving the disordered structures is quite difficult due to the lack of both experimental
techniques and theoretical modelling methods. The present work starts from this point
and aims at fixing some of the difficulties. The energy landscape is experimentally
explored by evaluating the phase evolution of the investigated materials in case of
alkaline fluoride systems. The energy landscape concept and the low-temperature atom
deposition techniques as well as the experimental design will be shortly introduced in
chapter 2. The material systems will also be shown in this chapter. The predominant
work is focused on the characterization of the originally amorphous phase as well
as the structure distortion of the phases induced by the annealing process. Energy-
filtered electron diffraction, based on transmission electron microscopy, combined with
in-situ heating is the main method used in this work for the characterization. The
theory of pair distribution function analysis as well as the extraction procedure from
the 2-D experimental electron diffraction patterns are discussed in detail in chapter 3.
Experimental details will be described in chapter 4. Main results will be reported and
discussed in chapter 5 and 6, where the feasibility and reliability of the pair distribution
function will be shown. Imaging and electron energy-loss spectroscopy are also used
as supplementary techniques. The difficulties resulting from dynamic scattering will be
discussed in 7, where a promising method will be proposed to solve the amorphous
structure from only experimental electron diffraction data without any theoretical
simulation, such as molecular dynamics. This method also takes the multiple scattering
effect into account, thus simultaneously fixing the problem of dynamic scattering.
Finally, in chapter 8, experimental methods for acquisition of element specific partial
pair distribution functions will be shortly discussed, and moreover a brief introduction
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of other characterization methods for disordered materials will be given. They are
considered and tested in this work.
Challenges in this work are as follows:
1. In-situ experiments: low-temperature transport of the materials which are sensitive
to both temperature and air.
2. Radiation damage: the structures (especially the metastable phase) of the
materials are very beam sensitive.
3. Characterization of irregular structures in the experiment: distinguishing
disordered amorphous phases from distorted crystalline phases. This makes high-
resolution transmission electron microscopy (HRTEM) and traditional diffraction
impossible.
4. Dynamic scattering of the electron beam: it degrades the reliability of the
experimentally measured pair distribution function.
5. Structure modelling of the disordered phase: difficult to gain a physically reliable
model to explain the experimental data. It correlates to point 3 and increases the
difficulty of this work.
This thesis will show that points 1, 2, 3, and 5 are finally overcome and point 4 is fixed
by the proposed method in chapter 7.
The work presented in the following chapters has been partially published:
• Xiaoke Mu, Sridhar Neelamraju, Wilfried Sigle, Christoph T. Koch, Nico Toto´,
J. Christian Scho¨n, Andreas Bach, Dieter Fischer, Martin Jansen, and Peter A.
van Aken, Evolution of order in amorphous-to-crystalline phase transformation of
MgF2, Journal of Applied Crystallography 46 (2013), 1105–1116.
• Xiaoke Mu, Wilfried Sigle, Andreas Bach, Dieter Fischer, Martin Jansen, and
Peter A van Aken, Influence of a second cation (M = Ca2+, Mg2+) on the phase
evolution of (Bax, M1−x)F2 starting from amorphous deposits, submitted (2013).
• Xiaoke Mu, Andreas Bach, Wilfried Sigle, Dieter Fischer, Martin Jansen, and
Peter A. van Aken, A study of structural evolution of alkaline earth fluorides
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from amorphous to polycrystalline phase by in-situ TEM, MC2013 Regensburg,
Germany (2013).
• Xiaoke Mu, Sridhar Neelamraju, Wilfried Sigle, Christoph T. Koch, Nico Toto´,
J. Christian Scho¨n, Andreas Bach, Dieter Fischer, Martin Jansen, and Peter A.
van Aken, TEM study of the structural evolution of ionic solids from amorphous
to polycrystalline phases in the case of alkali difluoride systems, EMC2012
Manchester (2012), 0493.
• Xiaoke Mu, Wilfried Sigle, Andreas Bach, Dieter Fischer, Nico Toto´, Sridhar
Neelamraju, J. Christian Scho¨n, Martin Jansen, and Peter A. van Aken, Electron
diffraction analysis of the structural evolution of MgF2 from an amorphous phase
to a polycrystalline modification, Proceedings MC2011 Kiel (2011), 163.
• Andreas Bach, Dieter Fischer, Xiaoke Mu, Wilfried Sigle, Peter A. van Aken, and
Martin Jansen, Structural evolution of magnesium difluoride: from an amorphous
deposit to a new polymorph, Inorganic Chemistry 50 (2011), 1563–1569.
4
Symbol Description








ρ0 average atom density
~q scattering vector
θ scattering semi-angle (θ = |~q|/2)
s s = 2 sin θ/λ (λ is electron wavelength)
φ azimuthal scattering angle
f(s) electron scattering factor
ϕ(r) structure factor
r atomic pair distance
P (r) (raw) pair distribution function (PDF)
G(r) (reduced) PDF
Gave(r) elemental signal averaged PDF
Gi−j(r) partial PDF (element specific between species i and j)
Table 1.1: Definition of the common symbols used in this work
5

2 Energy landscape and experimental
explorations
2.1 Energy landscape
Each atom in a given material (or system) containing N atoms can be described by
its position vector in three-dimensional (3D) space. Thus, the whole system can be
described by one 3N -dimensional Euclidean space where the base axes are constructed
by the three elements of the position vectors of all atoms, so-called configuration space.
A determined structure of the given system is one point of the configuration space. The
potential energy, which gives the dynamic properties of the system, is dependent on the
structure of the system, i.e. the positions of the atoms. Thus, the potential energy is a
function of the configuration space and can be depicted as a hypersurface over the 3N-
demensional configuration space. This potential energy hypersurface containing energy
minima and maxima is commonly called energy landscape [6, 7, 9, 15–17].
Figure 2.1 [6] gives a schematic view of an example of an energy landscape, where the
horizontal X1 and X2 axes represent the configuration space; the vertical axis represents
the potential energy; the three valleys, marked by three different colour dots, represent
three minima on the energy hypersurface. The valley marked by a green dot has the
lowest energy (see the projected colour dots on the vertical E axis) corresponding to
a global minimum of the energy landscape and is associated with a dynamically stable
state, i.e. the thermodynamically stable phase of the material (or system). The other two
valleys correspond to local minima of the energy landscape and relate to kinetically stable
states, i.e. two thermodynamically metastable phases. High-energy regions, namely the
mountain of the landscape, represent dynamically unstable states. They are normally
7
2 Energy landscape and experimental explorations
Figure 2.1: Sketch of an energy landscape [6], the hypersurface of the potential energy
versus the 3N -dimensional configuration space. The horizontal X1 and X2
axes represent the configuration space. The vertical axis represents the
system potential energy.
considered to be highly disordered structures, i.e. they can be associated to disordered
or amorphous phase.
A material with determined structure (for instance a perfect crystalline structure)
will be located on its corresponding point (one minimum) of the energy landscape at 0
K. At higher temperature, the structure-point will start to randomly move around in
the nearby relatively low-energy ergodic regions which contain many local sub-minima
corresponding to defect structures. The random walk among the energy sub-minima
points represents structure transitions between different defected structures, but be
blocked by surrounding mountains, i.e. energy barriers. Then this material is denoted
as being in a thermodynamically (meta)stable phase. The kinetic energy as well as the
entropy term in the system free energy can be interpreted as the degree of the mobility of
structure transitions. The mobility within the energy landscape will increase by raising
the temperature. The structure can escape from the stable phase when the mobility is
larger than the energy barrier around the minimum. Then, the structure of the material
can reach another minimum on the energy landscape which is much deeper than the
8
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previous one and might be trapped by this minimum if it is deep enough. The material
then transforms to another phase.
Therefore, a good understanding of the energy landscape can predict the existence of
new compounds, usually related to metastable modifications, by judging the depth and
height of the corresponding minimum and barriers. Furthermore the energy landscape
can even be used to depict phase diagrams [17, 18], hence, help the experimentalists to
develop a rational synthesis route to achieve the compounds with desired structures.
2.2 Low-temperature atom-beam deposition
The ultimate aim of exploration of the energy landscape is based on the theoretical
computation on the ab-initio level without need for experimental data [8–12, 17].
However, to sample all points in the configuration space by computation is impossible
with nowadays computation power, even when searching local minima and nearby
barriers. Therefore experimental data as a complement, to explore the energy landscape
and validate the theoretical calculation and prediction, becomes necessary [6, 7, 19, 20].
One technique for this aim is so-called low-temperature atom-beam deposition (LT-
ABD) [14] that has been successfully applied to the synthesis of new alloys [21, 22],
nitrides [23, 24], and halides [20, 25–27].
Figure 2.2 shows an ultra-high vacuum (UHV) chamber used for the LT-ABD.
The substrate can be cooled down to liquid nitrogen (77 K) or liquid helium (4 K)
temperature by the cooling system on the substrate holder. The investigated materials
can be heated up to vaporize in the effusion cell to form an atomic steam flowing
toward the substrate. The emitted atoms, because of the low-temperature substrate,
will lose most of their kinetic energy when they touch the cold substrate. These atoms
consequently stick on the cold substrate at random sites and thus form a structure
resembling a random network, i.e. an amorphous phase. The free energy of this random
network corresponds to a relatively high energy on the energy landscape compared
to its crystalline counterparts. The deposited atoms cannot rearrange their positions
sufficiently due to the reduced mobility, i.e. the amorphous structure is frozen and the
structure point on the energy landscape cannot overcome the nearby barriers to reach
a lower energy level. By heating the substrate atoms of the deposit gain energy. As a
9
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Figure 2.2: (a) Schematic view of the ultra-high vacuum chamber used for the low-
temperature atom-beam deposition and the experimental setup. (b)
X-ray diffractometer and (c) Raman spectroscope for in-situ structure
characterization.
result, the system overcomes surrounding barriers on the energy landscape to reach a
lower energy region. A local minimum would correspond to a metastable state of the
material. At further heating, the atoms in the deposit will gain even higher energy.
The structure point on the energy landscape hence can escape from the local minimum
and finally reach the global minimum which corresponds to the stable phase of the
material. At even higher temperature, the structure point on the energy landscape
will escape from any global minimum and the material reaches the melting or gaseous
phase. The energy landscape of the material is thus able to be partially explored by
the above process. Furthermore, the metastable structure can be synthesized by the
low-temperature deposition followed by high-temperature annealing technique.
The amorphous deposit with the cold substrate can then be transferred for further
characterization, e.g. by X-ray diffraction (XRD) [28] (Fig. 2.2b), Raman spectroscopy
10
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(RS) [29] (Fig. 2.2c) and transmission electron microscopy (TEM) (Fig. 4.1c), to
monitor the structure evolution during in-situ heating.
2.3 Motivation of this work
Trying to understand the processes involved in the LT-ABD method requires a detailed
understanding of the structure evolution of the deposited materials, especially the initial
amorphous phase. The challenge is to study the atomic structure of the amorphous phase
and also the distortion of the subsequently annealed crystalline phases. In contrast to
XRD and RS, TEM offers much higher spatial resolution. Most importantly in this work
electron diffraction based on TEM offers significantly higher scattering angle information
than normal laboratory XRD due to the large scattering cross-section. This large
angular information gives the possibility for the characterization of strongly disordered
structures.
Electron beam diffraction is used as the main experimental method to measure the
so-called pair distribution functions of the investigated materials. By combining with
molecular dynamic simulations the atomic structures of the initial amorphous phases of
the deposited materials as well as the subsequently polycrystalline phases are studied.
This allows the evaluation of the structure evolution and eventually draw out the energy
landscape of the investigated materials. Some other TEM techniques, such as high-
resolution imaging (HRTEM) and electron energy loss spectroscopy (EELS) are also
applied as complementary methods.
2.4 Material systems
The materials studied in this work are alkaline earth fluorides (Fig. 2.3, highlighted
by the violet circles) because they are more ionic which makes the theoretical MD
investigation to be more reliable. They are also structurally diverse due to the double
fluorine configuration comparing the alkaline fluorides.
The pure binary MgF2, CaF2, SrF2, and BaF2 are investigated separately in this work.
The results of MgF2 will be presented in chapter 5. It expresses different behaviour from
11
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Figure 2.3: The studied materials are alkaline earth fluorides. The used elements are
highlighted in this periodic table by the violet circles. The periodic table is
taken from [30]
other alkaline earth fluorides in the experiments. Results of other alkaline earth fluorides
will be shown in chapter 6, section 6.1.
Apart from the binary fluorides, ternary mixtures of the above compounds are also
investigated. By considering the differences between the MgF2 and others, the mixture
between CaF2 and BaF2 (homo-structural mixing) and the mixture between MgF2 and
BaF2 (hetero-structural mixing) are investigated in this work.
12
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structures by the pair distribution
function
3.1 Pair distribution function
The structure of the amorphous phase has puzzled materials scientists for a long time.
It is believed that because of the constrained bonding distance and bonding angles the
amorphous phase should also show short-range order. However, the characterization
of amorphous structures is still a great challenge. One possible way of characterizing
them makes use of the fact that amorphous structures are isotropic when averaged over
large areas. The so-called pair distribution function (PDF) shows the probability of
finding a possible atomic pair against the corresponding pair distance in the system, so
it represents the distribution of atomic pair distances in the investigated material and
can therefore also provide insight into the structural distortions in crystalline materials.
The structure of a system containing N atoms can be described by <(rˆ1, rˆ2, ..., rˆN),







δ(rˆ − rˆmn) (3.1)
where, rˆmn = rˆn − rˆm is the vector from a specified atom m to atom n, rn is the
position of the atom n. The function P (rˆ) is a 3D function representing distributions
of the pair vectors among all atoms, i.e. a 3D-PDF, and thus offers a certain extent
of characterization for the investigated structure. Assuming that the structures of the
amorphous and nanocrystalline materials are isotropic when averaged over large volumes,
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i.e. assuming that the distribution of atomic pairs has the same value in different






δ(r − rmn) (3.2)
where, rmn = |rn − rm| is the pair distance between the specified atom n and the atom
m.
Figure 3.1 demonstrates the 1D-PDFs in different systems. Notably owing to the
disordered atom arrangement in the amorphous structure (Fig. 3.1c, left) the 1D-PDF
(Fig. 3.1c, top right, red solid line) shows oscillations of broad peaks instead of the
discrete delta (δ) functions in Eq. 3.2.
However, the PDF defined here contains shape information of the investigated material
because of the summation in the Eq. 3.2 (also Eq. 3.1) over all atoms in the sampled
volume of the material. The shape information in P (r) will become more pronounced
when the sampled volume is small, such as in nanoparticles. Thus a new function is



















δ(r − rmn)− 4pir2ρ0
]
(3.3)
where ρ0 is the average atom density of the material and the term 4pir
2 (r ∈ Ω, Ω
is the set of all possible rmn, this Ω contains the restriction of the material’s shape)
subtracts the shape information of the sampled volume from the 1D-PDF. Therefore,
G(r), contains only the fluctuations of the atomic pair distribution with respect to the
average atomic density ρ0 in the material, demonstrated by Fig.3.1c (bottom right).
G(r) is called the reduced pair distribution function. The peaks of the reduced PDF
curve (Fig.3.1c, bottom right) represent local maxima of the probability to find atom
pairs with the distance corresponding to the value of the peak positions, in other words
the local maxima of the atomic radial density. Therefore the reduced PDF can depict
the structural properties of the disordered materials. Eq. 3.3 is then used to characterize
the amorphous and nanocrystalline structures.
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3.1 Pair distribution function
Figure 3.1: Demonstration of 1D-PDFs (red solid lines) for the simplest case of two (a,
left) and three atoms (a, right), a crystalline structure (b, right) and an
amorphous structure (c, top right) as well as its reduced PDF (c, bottom
right). The horizontal axes represent the atomic pair distance. The vertical
axes represent the amount of pairs against the distance. The dark-blue
dashed line in c (top right) corresponds to the average density term 4pir2ρ0.
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Experimental measurement of PDFs is a routine task in neutron [34, 35] and X-ray
diffraction [32, 36, 37] as well as in the extended X-ray absorption fine structure (EXAFS)
spectroscopy [38, 39], although developments and improvements in the methodology
still continue [40–43]. It is also possible to obtain the PDF from electron diffraction,
especially in combination with zero-loss electron energy filtering to eliminate inelastic
scattering contributions [44–47]. One advantage of electron diffraction is that it can
sample very small volumes [48]. The PDF technique is in increasingly wide application
in various fields of material science [49–51] to analyse the disordered structures, especially
in the currently hot topic of energy materials [52–57].
The PDF technique used in this work is based on electron diffraction experiments
performed in the TEM. They are applied to characterize the structure of the amorphous
phase of the low-temperature deposits and the subsequently annealed nanocrystalline
phases.
3.2 Transmission electron microscope
Electrons emitted from either a heated LaB6 or from heated/non-heated field-emission
filaments are accelerated to a high energy. More detailed description can be found in
textbooks [58, 59]. Figure 3.2 left shows the basic configuration of a transmission electron
microscope [60] and the imaging-mode ray diagram. The condenser 1 and 2 demagnify
the filament cross-over. The condenser 3 projects the demagnified filament cross-over
onto the front-focal plane of the pre-objective lens so that a parallel illumination forms
on the specimen.
As figure 3.2b shows, if there is a specimen inside the microscope, a fraction of
the parallel incident electron beam is scattered by the specimen. The objective lens
focuses parallel electrons at one position on the back focal plane. Thus, the intensity
distribution on the back focal plane represents the angular distribution of electrons, i.e.
the diffraction pattern. An image of the illuminated specimen area is formed in the image
plane of the objective lens. The objective lens plays the role of a Fourier transformer. It
transforms the electron wave exiting from the specimen (real-space coordinates) to the
diffraction plane on the back-focal plane (spatial frequency coordinates).
In the image mode, the lower projection system (intermediate lenses plus projection
16
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Figure 3.2: (a) Left: sketch of a transmission electron microscope; right: ray diagram of
the microscope shown in the left (based on Zeiss EM912 Ω [60]). (b) Left:
the detailed ray diagram near the objective enlarged from the dashed green
box in (a, right). Right: example of diffraction patterns.
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lenses) projects the image plane of the objective lens on the screen (or camera). In the
diffraction mode, the projection system projects the back-focal plane of the objective
lens on the screen (or camera).
In the Zeiss EM 912, an Ω-shaped energy filter, shown in the insert of Fig. 3.2a
(right), is mounted between the intermediate lenses and projection lenses. Electrons
with different energy are deflected differently by several static magnetic fields inside the
filter. Electrons with specific energies can be selected to form energy-filtered images
or diffraction patterns by controlling the width and position of a slit located in the
spectrum plane of the filter. In this project, diffraction patterns are recorded from
elastically scattered electrons by allowing only electrons with zero energy-loss to pass
the filter.
3.3 Pair distribution function from electron diffraction
(theoretical background)
The diffraction intensity is generated by the interference of scattered electron waves and












where N is the number of atoms in the electron-beam illuminated area, fm is the electron
scattering factor of the specified atom m, sˆ = 2 sin θˆ/λ, where θˆ relates to the momentum
transform of the scattered electrons and to the scalar of value of the scattering semi-
angle; rˆmn is, as previously described, the vector from the specified atom m to the atom
n.
For a 3D isotropic structure the 3D projection of sˆrˆmn is reduced to a 1D scalar
product of srnm and e
2piisˆrˆmn becomes a sinc function after integration of sˆrˆmn over the














The first sum on the right-hand side of Eq. 3.5 is the single-atom scattering distribution
which is a steadily decreasing function with increasing scattering angle. The second sum
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contains the structure information of the investigated material and oscillates around the
background defined by the first sum.
Here, we use the definition of the reduced-PDF, Eq. 3.3, to replace the discrete term
rmn to continuous r, and because of fm(s) = fn(s) = f(s) in a single-element compound
material, Eq. 3.5 becomes:





























dr contains the shape information of the illuminated
specimen region. It generates signals located at very small scattering angles (s < 0.1
A˚−1) which cannot be detected in the experiment. Therefore, this term can be ignored
without any influence of the RDF results. Thus,



















ϕ(s) is called structure factor which can be extracted from the experimentally measured
diffraction intensity, I(s), by the equation defined above. Thus the reduced PDF, G(r),













rmax is the maximum scattering angle recorded in the experiments.










δ(r − rmn) (3.11)
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, with i being the element type.





G(r) in the above equation consists of signals from element-specific reduced PDFs
(partial reduced PDF) which describe the distribution of elemental specific pairs, so
























δ(r − rmn)− 4pir2ρij
 (3.15)
where the i and j represent elemental species. The ρij relate to the average
density between elemental species i and j and contain information about the element
distribution, the signal of which is located at small angles and can be neglected. To
understand the partial reduced PDF, the following decomposition of the intensity caused












































3.3 Pair distribution function from electron diffraction (theoretical background)


























































































This equation reveals that the elemental averaged reduced PDF is a sum of partial
reduced PDFs convoluted with the Fourier transform of the terms containing element-
specific scattering factors. It is difficult to extract partial PDFs from only one electron
diffraction experiment, but it is possible if one can combine diffraction experiments with
different scattering power for the same elements, such as combining X-ray and neutron
for binary materials. Here we could use only electrons. Therefore, the solution to achieve
a deeper understanding of the experimental RDFs in this work is calculating the partial
PDFs from molecular dynamic simulation data and comparing them to the experimental
results.
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A more detailed description of the above equations can be found in D. J. H. Cockayne’s
work [44, 45], where the reduced-PDF is also called reduced density function (RDF).
However, X-ray researchers use the term pair distribution function (PDF) for G(r). To
be consistent with X-ray literature, the term pair distribution function (PDF) is kept
instead of reduced PDF or RDF in this thesis.
3.4 Derivation of the PDF from real electron diffraction
experiments
Figure 3.3: Scheme of PDF extraction from diffraction experiment
From electron diffraction experiments circularly symmetric patterns can be obtained.
As Fig. 3.3 shows, the electron diffraction patterns are azimuthally integrated and
averaged. According to Eq. 3.12, the structure factors are extracted from the
experimental diffraction profiles. The PDFs are then calculated according to Eq. 3.13.
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The scattering factor of the investigated materials used here is calculated from the
parameterized elemental scattering factors [61] with their stoichiometric ratios.
Energy-filtered electron diffraction
The PDF theory is established in the assumption that all electrons are elastically
scattered. Although inelastic electron scattering is confined to a small angular
distribution in the diffraction pattern, the dynamic process (multiple elastic + inelastic
scattering) will remarkably increase the amount of inelastic scattered electrons at high
angles. Therefore, the influence of inelastic scattering should be considered.
Figure 3.4 shows an example of diffraction experiments for an amorphous carbon film
with around 30 nm thickness. It reveals the difference between experimental energy-
filtered and non-filtered diffraction. Figure 3.4a shows that the signal in the small-angle
range of the non-filtered diffraction data is more intense than that of the energy-filtered
diffraction data. Figure 3.4b shows the extracted structure factors (from the data in Fig.
3.4a), where the main differences are in the small angle region below 1.5 A˚−1. These
differences result in low-frequency deviation in real space and thus cause differences
of peak heights between energy-filtered and non-filtered PDFs. Such differences are
demonstrated in Fig. 3.4c. The influence of the inelastic scattering becomes stronger in
thicker specimens, such as used in the present project (e.g. the 80 nm thick MgF2 film
in chapter 5).
In the experiment, a 15-eV slit is used for selecting the zero energy-loss of the scattered
electrons. The materials investigated in this project are all insulators with valence-
conduction band gap larger than 8 eV (note that the zero-loss peak is put at the centre
of the slit) so that the selected electrons can be regard as energy-loss free, i.e. purely
elastically scattered. The theory in section 3.3 then can be applied in the analysis of the
experimental data.
Large-angle acquisition
Residual lens aberrations of the Ω-type energy filter used in the Zeiss EM912 limit the
maximum transmission angle in diffraction patterns. Acquisition of diffraction patterns
containing both low-angle and high-angle information is impossible. Therefore, in this
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Figure 3.4: An illustration of the effect coming from inelastic electron scattering (data is
from a 30 nm thick amorphous Carbon film): (a) electron diffraction profiles
from energy-filtered (black) and non-filtered (red) experiments; (b) structure
factors extracted from (a); (c) PDFs calculated from the structure factors in
(b).
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Figure 3.5: Illustration of the high angle acquisition (multi-pattern diffraction
acquisition). Top: diffraction patterns at different tilt angles, the on-axis
pattern (top left), the first tilt to the intermediate angular range (top
middle), and the second tilt to the large angular range (top right). Bottom:
diffraction profiles of the different angular ranges, azimuthally averaged from
the patterns in the top. Data are from experimental diffraction data of MgF2.
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work, the strategy of beam tilting is used. Three diffraction patterns at different, well-
calibrated, illumination beam tilts and with relatively large camera length were acquired
and spliced in order to access a large range of scattering-angles, up to 4.5 A˚ −1 (Fig.
3.5 as an example taken from diffraction data of MgF2). For splicing together the
diffraction patterns at different tilt angles, the relative shifted of each diffraction pattern
was determined from the prior calibration of the beam tilt. Another advantage of this
beam-tilt strategy is that the path of the recorded scattered electrons always passes close
to the optical axis of the lens system. This effectively reduces the effect of projector lens
distortions.
Improvements of data processing in the extraction procedure
Because of the thickness of the specimen, the effect of multiple scattering in electron
diffraction is not negligible. Furthermore, thermal diffuse scattering which has almost
zero energy loss cannot be eliminated by energy filtering. Therefore, the diffraction
profiles cannot be fitted by the calculated average scattering factor at both small and
large angles simultaneously [62, 63], as Fig. 3.6a shows (an example from diffraction data
of the MgF2). The blue line is the experimental diffraction profile and the green line is
the calculated average atomic scattering factor. The extracted structure factor, which
ideally should oscillate around zero (as shown in Fig. 3.3, bottom right), significantly
deviates from zero (Fig. 3.6b, blue line). This deviation leads to a strongly oscillating
PDF at small radial distances, as illustrated in Fig. 3.6c (blue line). In order to remove
this parasitic low-frequency component, a smooth 4th-order polynomial function was
applied to fit the inflection points of the structure factor (Fig. 3.6b, red line). This
polynomial function was then subtracted from the structure factor. The new scattering
factor hence oscillates around zero, as shown in Fig. 3.6d. The PDF calculated from
the new structure factor is shown in Fig. 3.6c (red line), where the oscillation at small
radial distance is removed.
The abrupt intensity truncation to zero at larger angles of the measured structure
factor can cause high-frequency artifacts in the obtained PDF due to the Fourier
transformation. These were minimized by defining a zero crossing of the 4th-order
polynomial function as truncation point of the structure factor (as shown in Fig. 3.6b).
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Figure 3.6: An illustration of the effect of multiple scattering and thermal diffuse
scattering as well as the details of the modified PDF extraction (diffraction
data from MgF2, 80 nm thick). (a) The diffraction profile from the
experiment (blue) and the average scattering factor (green). (b) Structure
factor by normalization of the experimental diffraction profile (blue) and the
4th order polynomial fitting (red). (c) Blue: PDF calculated from the raw
structure factor in (b, blue line); red: modified PDF calculated from the
modified structure factor in (d). (d) The modified structure factor obtained
by subtracting the 4th order polynomial from the raw structure factor.
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This results in a structure factor that is terminated at large angles at zero intensity (Fig.
3.6d).
The noise of the diffraction data at large angles can cause high-frequency artifacts
in the derived PDF. Previously, the noise effect was reduced by applying a damping
function [44, 64] to the experimental structure factor. However, the damping function
does not only suppress the high-frequency artifacts in PDFs but also reduces the useful
information inside the noisy signal. One then loses spatial resolution in the derived
PDF. The damping function in reciprocal space is equivalent to a convolution in real
space between the PDF and a point-spread function which is the Fourier transform of
the damping function itself. Therefore, a splines interpolation of 2nd-order polynomial
functions was applied fitting the noisy data at large angle to minimize the noise effect
and maximize the real space resolution, instead of multiplying a damping function.
Errors
Diffraction pattern calibration and centre determination of the diffraction patterns cause
an error much smaller than±0.005 A˚ at the radial range up to around 5 A˚ where normally
the first, second and third peaks (the first three coordination shells) are located. After
the mathematical processes described above, the error caused by multiple scattering,
abrupt truncation of the measured data and noise in our experimental PDF is minimized.
The real diffraction experiments only extend up to 3.5 A˚−1 in reciprocal space, instead
of an infinite range, due to the fast decrease of the scattering power at large angles and
the limited life time of the materials under the electron illumination. The limitation of
the finite recording-angle causes an error of the measured PDF, as illustrated in Fig.
3.7.
The effect of the limited angular range is equivalent to a convolution of the true PDF
with a sinc function [32] S = sin(Qrange · r)/r (Fig. 3.8) where Qrange is the maximum
recording angle and r is the radius in real space. It includes a pronounced peak at
the centre and two tails oscillating around zero. The oscillation strength of the tails
is inversely proportional to the recorded angular range. By convolution, the tails from
the sinc function contribute redundant oscillations around the true PDF. The redundant
oscillations become observable in radial ranges without true signal so that visible artificial
peaks are formed (Fig. 3.7a, high-lighted by red arrows for the blue line), whereas these
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Figure 3.7: (a) PDFs of a CaCl2-type MgF2 crystalline model with 6150 atoms, Fourier
transformed from its structure factor with different truncation ranges; (b)
PDFs of an amorphous model with 6150 atoms, Fourier transformed from
its structure factor with different truncation ranges.
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Figure 3.8: A sinc function in the formula of S = sin(Qrange · r)/r.
artifacts are submerged in the range with strong true peaks and only slightly influence
peak positions and heights. The error is small for crystalline materials (Fig. 3.7a). The
shift of peak positions is much smaller than 0.005 A˚, even in the radial range above 5
A˚, because of the sharply pronounced peaks in the crystalline PDF. For the amorphous
materials the error is more remarkable (Fig. 3.7b) due to weaker peaks, but still smaller
than 0.01 A˚ in the range between 0 and 5 A˚ and does not change the tendency of the
curves (Fig. 3.7b). In the situation of comparing experimental PDF with theoretical
modelling results, all artifacts and, even further, the small peak shifts can be correctly
simulated with taking into account of the sinc function (the finite angular recording
range) in the PDF calculation.
Overall, the total error bar for the peak positions in the range of the first several
pronounced peaks (approximately 0–5 A˚) is estimated to be less than ±0.02 A˚ which
was confirmed by repeating the experiments multiple times. The situation can be even
better for the first peaks, where the error bar is always smaller than ±0.01 A˚.
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3.5 Computation of the PDF from a simulated model
To understand and interpret the measured PDF is still far from trivial because
only spatially averaged data is provided. A way to circumvent this is to build
models of possible atomic structures and compare their PDFs with their experimental
counterparts. Such an approach is used, for example, in routines based on molecular
dynamics (MD) simulations or reverse Monte-Carlo (RMC) modeling [65–68], possibly
accompanied by ab-initio structure relaxation [64, 69, 70]. The advantage of MD is that
it allows simulating relatively large volumes and large time scale giving access to the
modelling of the (glass) transition from a liquid to the amorphous solid state [71–74].
Therefore, the MD method is chosen to obtain reasonable models for this work
To comparing the experiments with the theoretic simulation results, accurate PDFs
calculation from the given models, comparable to the experimental data, is required.
There are two ways to obtain the PDF from the atomistic model.
One is based on the PDF definition. First, a PDF (in the definition of Eq. 3.2) is
obtained by directly counting the number of pairs against the radial distance between
specific atoms. An illustration is given in Fig. 3.9 where partial PDFs in (a) are
counted in number of pairs from a rutile-type MgF2 model with 10×10×10 unit cells;
partial PDFs in (b) are counted from an amorphous MgF2 with a cluster containing
6150 atoms. The obtained partial PDFs are then summed together to obtain the total
PDFs shown in Fig. 3.9c,d. Then the total PDFs are subtracted by the averaged
density term 4pir2ρ0 following Eq. 3.3 to be consistent to the experimental acquisition
(the reduced PDF). The final (reduced) PDFs which are compared to the experimental
data are then achieved by convolution of the sinc function with Qmax in agreement with
the experimental setting, shown in Fig. 3.9e,f. This way is routine for cyclotron X-ray
diffraction [32, 33, 36], where models are built of infinite size with periodic extension.
However, the above way to calculate PDFs will involve significant deviations from
the experimentally obtained PDFs, when the model contains only a few thousand
atoms (individual supercells) and/or has medium-scale (∼ 10 A˚) density fluctuations.
The PDFs directly counted from the supercells will include information of the cell
size and shape as well as low-frequency (medium-scale) density oscillations from the
average density (Fig. 3.10). However, all this information is missing in the diffraction
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Figure 3.9: Illustration of the direct counting method. Directly counted partial PDFs
from models of (a) crystalline rutile-type MgF2 in the size of 10×10×10 and
(b) amorphous MgF2 with 6150 atoms. Total PDFs of (c) the crystalline and
(d) the amprphous model obtained by summing up all partial PDFs in (a)
and (b) weighted with elemental scattering factors. Final (reduced) PDFs of
(e) the crystalline and (f) the amorphous model obtained by subtracting the
average density term (4pir2ρ0) from the PDFs in (c) and (d) and convoluting
them with the sinc function.
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experiments because the small-angle scattering, which contains larger-scale information
in real space (hence the information of the shape and size of the sample), cannot be
detected. In this work, the models from MD simulations are supercells containing
several thousand atoms, and the amorphous model even has an irregular shape and
an inhomogeneous density distribution at the medium-scale (Fig. 5.6b). Moreover, to
periodically extend the supercells without physical consideration, such as MD or ab-
initio-based structural relaxation, could cause seriously false results (chapter 8) due to
the loss of structural coherence. Therefore, an alternative way is considered. It is based
Figure 3.10: An illustration of the amorphous 6150-atom MgF2 model showing the
directly counted PDF (blue) deviating from the average density (4pir2ρ0)
(red).
on the same procedure as was used for the PDF extraction from the experimental data.
Namely, one first calculates the kinematical diffraction profile from the MD simulation
data by Eq. 3.5 and the element-specific partial intensity according to Eq. 3.16. Then
the total PDF and the element-specific partial PDF are extracted by using Eq. 3.13 and
Eq. 3.10. This method is actually a simulation of the PDF extraction of experimental
diffraction data, and all experimentally related parameters can be taken into account. By
considering the difference between the size of the MD supercell and the experimentally
observed crystals, the grain-size-related peak broadening in the diffraction profile is taken
into account by convoluting a Gauss function e−Asizes
2
, where Asize relates to the size
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Figure 3.11: Difference between the directly counted PDF (black) and the PDF
converted from the calculated PDF assuming kinematic electron diffraction
(red) of the amorphous MgF2 model with 6150 atoms.
difference. The point-spread function, due to spatial coherence of the LaB6-source in the
Zeiss EM912 and the crosstalk within the CCD camera, can also be taken into account
by convolution of the diffraction profile with a Gaussian function e−Bs
2
. B is a fitting
parameter which corresponds to the full width at half maximum of the point-spread
function. The thermal vibration of the atoms was taken into account by multiplying
the diffraction profile by a Gaussian damping function e−Us
2
. U(T ) is the 3-D isotropic
Debye–Waller factor which is a function of the temperature T . The angular range
between 0.1 and 3.3 A˚−1 is selected for the Fourier transformation to be consistent
with the experimental setting. After all these experimental considerations, the PDF
comparison between the model and the experiments is reliable. The difference between
the two discussed methods is illustrated in Fig. 3.11, yielding a low-frequency deviation
between the two PDFs resulting from the two different methods.
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4.1 Experiments
Thin films of MgF2, CaF2, SrF2, BaF2 and their mixtures were generated from
evaporation of MgF2, CaF2, SrF2, BaF2 (99.99 %, Aldrich, USA, dried at 473 K) by an
effusion cell (MBE Komponenten GmbH, Germany) in high vacuum (1 × 10−8 mbar)
and subsequent deposition of the gas phase directly onto a cooled (123 K) amorphous
carbon substrate (2 nm thick, Quantifoil Micro Tools GmbH). The deposited specimen
was transferred under vacuum and under cooling at the deposition temperature to the
electron microscope (Zeiss EM912 Omega, 120 keV, Zeiss, Germany) using a dedicated
low-temperature high-vacuum transfer holder (CHVT 3007, Gatan, USA) as shown in
Fig. 4.1. The transfer holder is shown in Fig. 4.1a, the transfer process in Fig. 4.1b and
the final view of the microscope with the holder inserted is presented in Fig. 4.1c. Using
this holder the temperature can be increased up to 328 K. For the high-temperature range
the specimen was transferred to a Gatan heating holder undergoing a short exposure to
air. No structural changes of the material could be detected by this transfer.
Due to a high interface energy between the deposited materials and the amorphous
carbon support, islands with average diameters of a few of tens nanometers initially
form in the deposition process; therefore the film used in this work cannot be thinner.
In order to gain homogeneous films, the films have to be deposited with thickness of (80
± 20) nm for the MgF2, (20 ± 5) nm for the CaF2 and BaF2, (40 ± 10) nm for SrF2,
and (35 ± 10) nm for the mixture of CaF2 and BaF2 and the mixtures of MgF2 and
BaF2, confirmed by electron energy-loss spectroscopy (EELS).
For the electron diffraction experiments, energy-filtered diffraction was performed by
using a 15 eV energy-selecting slit, centred at 0 eV energy loss. This slit is small
enough to eliminate inelastic contributions because of the large band gap of the alkali-
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Figure 4.1: (a) Low-temperature high-vacuum transfer holder. (b) Inserting the transfer
holder to microscope (c) Final view of the microscope with the holder
inserted.
earth fluorides (around 10 eV). A selected area aperture of 1.2 µm diameter and an
illumination area larger than 8 µm diameter were used. The illumination convergence
angle was very small (0.08 mrad) owing to the design of Zeiss microscope (see section
3.2). For each measurement three diffraction patterns at different illumination beam
tilts were acquired and spliced in order to access a large range of scattering-angles, up to
4.5 A˚−1. To splice the three patterns together the relative shift between each diffraction
pattern was determined by calibration of the beam tilt shown in Fig. 4.2. A slow-scan
CCD (MegaScan, Gatan, 2048×2048 pixels) was used with binning 2.
To determine the centre of the diffuse diffraction rings, a Digital Micrograph script
written by Konstantin Borisenko in Oxford was used, shown in Fig. 4.3. 7 pixel
coordinates have to be entered into the script (Fig. 4.3, highlighted by the red dashed
ellipse) to calculate the concentric circle of the diffuse diffraction rings. The 7 inputs
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Figure 4.2: Calibration of the beam tilt. Bright spots are due to exposures of the central
beam in diffraction mode with fixed beam tilt steps in two perpendicular
directions (X-tilt and Y-tilt highlighted by the arrowed lines). No specimen
was inserted.
are determined by manually selecting 7 different locations in the diffraction pattern
located at the intensity maxima of the diffuse ring. The exact coordinates of maximum
intensity are found by applying a line scan across the diffraction ring. The centre of
the diffraction pattern is determined by fitting a circle to the 7 points (Fig. 4.4a) and
then read out from the dialogue box. Figure 4.4a shows the calculated circle with the
diffraction pattern in Fig. 4.3. Figure 4.4b shows a pattern recorded at larger beam
tilt, the centre of which was determined by the centre of the non-tilted pattern plus
the calibrated tilting value and then was input into the script dialogue box. The area
which has to be avoid in diffraction patterns, such as the shadows of the energy slit and
the beam stopper as well as the camera overexposure regions, can be eliminated by the
mask control function in the script, an example of which is given by Fig. 4.4b. After
the centre determination, Borisenko’s script can then calculate the azimuthally averaged
diffraction profile, which can be imported into Matlab or Origin for further analysis.
The initial structure (amorphous) of the deposited films is quite fragile even at
moderate electron doses. Therefore, very low electron doses (less than 0.5 C/cm2) were
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Figure 4.3: Centre determination by Borisenko’s script. (a) The dialogue box of the
script. (b) A diffraction pattern where the red cross is a handle to input pixel
coordinates. (c) A line-scan across a diffused diffraction ring of the diffraction




Figure 4.4: (a) A non-tilted diffraction pattern with the fitted concentric circle obtained
by Borisenko’s script. (b) A large-angle tilted diffraction with eliminating
masks.
applied to avoid beam-induced structure alteration. This radiation sensitivity also limits
the maximum recording angle up to 3.3 A˚−1 due to the drop of intensity with scattering
angles, and did not allow high-resolution imaging (HREM) and EELS core-loss analysis
for the MgF2, CaF2, SrF2, and BaF2 samples. The first non-tilted and the second tilted
diffraction patterns were acquired with exposure time of 8 and 15 s, respectively. The
third one was acquired with 15–200 s depending on the stability of material. These
diffraction patterns were acquired immediately after selecting the area of interest and
subsequent patterns were always taken from new, non-irradiated areas.
Fortunately, the mixtures are more stable than the pure binaries; thus the recording
angle reached up to 4.0 A˚−1. Therefore EELS, EFTEM and HRTEM as well as EDX
were also applied on the mixtures. The EELS spectra and STEM images were obtained
on the SESAM (sub-eV sub-angstrom microscope based on the Zeiss Libra 200 KeV,
field emission gun (FEG), equipped with the MANDOLINE filter and monochromator
[75]). The EELS spectra were measured with parallel illumination (50 µrad) and a 3.1
mrad collection angle. The EFTEM measurements were performed on the Zeiss EM912
Ω with a 2 eV energy slit, 1 eV step size and 4.7 mrad collection angle.
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4.2 Molecular dynamic simulations
The MD simulations were implemented in this project by a theory group, who applied the
same method as for the study of the LT-ABD technique in the xenon system [76]. Due
to the main interest in MgF2 and the complexity of ternary systems (the mixtures), MD
simulations were only performed on the structure transformation of the MgF2 system.
To compare with the annealing experiment, MD simulations were performed via a
deposition strategy [76], where atomic clusters were deposited onto a crystalline rutile-
type substrate at different fixed temperatures. The deposition rate was much higher
in the simulations than in the experiment. For this reason, considerable disorder was
introduced during the simulated deposition, thus resembling the amorphous state in the
experiment. Therefore the simulations describe the crystallization processes in the real
experiment where the crystallization occurs from the bottom of the film close to the
annealed substrate and develops upwards to the top surface of the film.
All simulations were performed using classical theories. A Coulomb-plus-Buckingham-
type potential derived by Catti et al. [77] was used to describe the Mg–Mg, Mg–F, and
F–F interactions. Newton’s equations of motion were solved using the velocity Verlet
algorithm. The linear MgF2 monomer and the D2h dimer were deposited on the (100)
and the (110) surfaces of a rutile-type MgF2 substrate with a fifty percent probability
every 10−11 seconds. These were specifically chosen as a previous study on the vapor
phase of MgF2 indicated the presence of monomers and dimers in the vapor phase in
our apparatus [29, 78]. The system was oriented such that the surface of the substrate
lay in the x–y plane and the vertical direction was parallel to the z -axis. The exposed
surface of the substrate had vertical z -coordinate set as zero. A rectangular simulation
cell periodic in two dimensions was used. The cell dimensions were 48.895 and 49.686
A˚ in the x - and y-direction. The clusters were deposited from a height of 10 A˚ with an
initial kinetic energy of 200 meV. Every MD step corresponded to a time step of 6 fs.
The substrate comprised 3600 atoms with the bottom two layers fixed in order to
reproduce the effect of the bulk. A simple thermostat based on the velocity rescaling
was used and applied to all atoms lying within a distance less than one third of the
slab height from the bottom of the slab. Before starting the deposition, the slab was
equilibrated for 2 ps at the temperature of deposition. The deposition of the monomer
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and dimer were carried out at temperatures of 50 K, 100 K, 300 K, 500 K, and 1000 K
on the equilibrated slab.
41

5 Magnesium difluoride (MgF2)
5.1 Structure of MgF2
The structure evolution of MgF2 from its low-temperature amorphous deposit to
high-temperature polymorphs has been investigated [28]. By using an X-ray powder
diffraction refinement technique, it was confirmed that the new MgF2 polymorph found
after the annealing process from the initially amorphous deposit was a metastable phase
exhibiting the CaCl2-type structure (space group Pnnm). The metastable phase finally
transformed to the rutile-type phase after further annealing.
As the diffraction work [28] showed, XRD (Cu-Kα) has an intrinsic deficiency to
characterize amorphous structures owing to the small scattering factor, especially for
the in-situ measurements which need time resolution. The long wavelength of the X-
rays results in a small sampling range in reciprocal space resulting in a loss of short-
range information in real space, e.g. the short-range ordering in amorphous structure
and distortions in crystalline structures. Therefore, electron diffraction was applied for
understanding the amorphous phase and highly distorted crystalline phases.
In the previous work [28], the initially amorphous deposit was analysed, according
to the analysis it was assumed that Mg-centred MgF6 octahedra already exist in the
amorphous phase. However, this interpretation from only experimental data remained
speculative. In order to overcome this uncertainty structure modelling by theoretical
simulation was necessary, particularly because previous theoretical calculations [79] and
our own ab-initio structure relaxations prove that no energy barrier exists between the
perfect (defect-free) bulk CaCl2-type structure and the rutile-type structure. This puts
the previously observed stability of the metastable phase into question.
Therefore, it will be shown that this discrepancy probably originates from the lack of
properly describing disorder and distortion in ab-initio methods. In the present study
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in-situ electron diffraction measurements combined with MD simulations is used to
analyze the PDFs of the different phases in the transformation processes. Electron
scattering data is analyzed with a modified procedure which improves the reliability of
the experimental PDFs. An excellent match between the experimental data and the
MD simulations is obtained without any further numerical refinement in the simulated
data. This is strong evidence for the reliability of the PDF analysis. From the
elaborate analysis of the structural disorder and distortions, the existence of a CaCl2-
type arrangement of octahedra in the initially amorphous phase acting as nuclei in
the following crystallization is confirmed. Furthermore, intergranular regions with
disordered structure in the crystalline phase are found. A conclusion of that the
CaCl2-type crystals are most likely stabilized by strong strains generated by these
regions is given. Furthermore, it is found that the experimentally observed CaCl2-
type metastable phase has a short-range structural distortion toward the rutile-type.
Finally, by considering the above findings, the structure evolution is summarized within
the energy landscape concept.
Figure 5.1: The unit cell of rutile-type MgF2. The green polyhedra indicate the central
Mg with six-fold coordinated F octahedra.
Figure 5.1 shows one unit cell of the rutile-type MgF2 which is orthorhombic. The
Mg2+ ions are coordinated by 6 F− ions forming MgF6 octahedra, and the F− ions are
coordinated by 3 in-plane Mg2+ ions. Figure 5.2 shows an overview of the crystalline
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(a) (b)
Figure 5.2: Crystalline structure of rutile-type MgF2 viewed along the (a) [001] and (b)
[100] directions.
Figure 5.3: Crystalline structure of CaCl2-type MgF2, (a): unit cell. (b): view along the
[001] direction.
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rutile-type MgF2 from the view direction of [001] (a) and [100] (b). The octahedra are
perpendicular to each other in the a-b plane (Fig. 5.2a, black sticks). The red solid lines
(Fig. 5.2) highlight the hexagonally packaged F− anions, which form zigzag planes as
indicated. The blue-dashed lines in Fig. 5.2b indicate the hexagonal stacking geometry
of the F− anions in the next plane. The dark-blue arrows indicate the array of Mg2+
cations stacked above the F− plane highlighted by the red-solid sticks; the purple arrows
indicate the array of the Mg2+ cations attached below the highlighted F− plane.
Figure 5.3a shows the unit cell of the CaCl2-type crystalline MgF2. All coordination
geometries are the same as those of the rutile-type structure, but because of a small
twist of the octahedra in the [001] plane illustrated by the orange sticks (Fig. 5.3b),
the octahedra are not perpendicular as in Fig. 5.2a. Consequently the planes formed
by the hexagonally packaged F− ions become more flat (indicated by the red solid line
in Fig. 5.3b) than in the rutile-type structure. This small twist of the octahedra makes
the structure lose symmetry elements and transforms from the space group P42/MNM
(136, rutile-type) to the space group PNNM (58, CaCl2-type).
5.2 PDF analysis
In this section the experimental PDF is combined with MD simulation data to evaluate
the structure evolution of MgF2 from the amorphous deposit to the polycrystalline
polymorphs.
5.2.1 In-situ electron diffraction
Temperature dependent 2D- and azimuthally averaged 1D-diffraction patterns of the
structure evolution of the MgF2 deposit are shown in Figs. 5.4 and 5.5. The broad
peaks in the experimental diffraction pattern (Fig. 5.4a) and the extracted structure
factor (Fig. 5.5a, green line, bottom) show that the initial phase of the deposit at
123 K is amorphous. After annealing, the amorphous specimen crystallizes at around
458 K and forms a polycrystalline phase, shown by the diffraction patterns recorded
at 463 K (Fig. 5.4b) and the corresponding structure factor (Fig. 5.5a, blue line,
middle). The polycrystal has grain sizes of 5–8 nm determined by TEM dark-field
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Figure 5.4: Experimentally measured electron diffraction patterns recorded at (a) 123
K, (b) 463 K, and (c) 733 K of the MgF2 film.
imaging (not shown here). The structure of this polycrystalline phase is CaCl2-type
[28]. The specimen undergoes a second crystallization at around 653 K. The third
phase formed after this crystallization step exhibits a polycrystalline rutile-type structure
shown by the diffraction pattern recorded at 733 K (Fig. 5.4c) and the corresponding
structure factor (Fig. 5.5a, red line, top). The grain sizes are between 10 and 20 nm
measured by TEM dark-field imaging (not shown here).
Figure 5.5b depicts PDFs calculated from the experimental structure factors shown
in Fig. 5.5a. Because of multiple-scattering, peak heights of the experimental PDFs
cannot be accurately analyzed. Thus, the most pronounced peak at 1.99 A˚ was used
to align all PDF curves in this work to the same height (peak maximum) to obtain a
reasonable relative height comparison.
All three experimentally measured PDFs have a well-defined peak at around 1.99
A˚ which corresponds to the radius of the first coordination shell of Mg–F. It reveals
the closest atomic distance between Mg and F atoms in both, the amorphous and the
polycrystalline phase. The PDF of the amorphous phase (bottom, green line in Fig. 5.5b)
shows a remarkable weakening of peaks at distances larger than 2.4 A˚. This weakening
explicitly demonstrates the lack of long-range order characteristic of amorphous phases.
However, the damped and broad peaks of this PDF at 2.71, 2.97, 3.68 and 4.63 A˚ are still
present and the positions are close to the peaks of the CaCl2-type phase (middle, blue
line in Fig. 2b) and rutile-type phase (top, red line in Fig. 5.5b). This implies that the
structure of the amorphous phase already contains a certain degree of short-range order
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Figure 5.5: (a) Experimental structure factors and (b) corresponding PDFs of the
amorphous phase at 123 K (green, bottom), the CaCl2-type phase at 463
K (blue, middle), and the rutile-type phase at 733 K (red, top).
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similar to the one present in the (meta)stable crystalline phases. In contrast, the more
pronounced and sharp peaks in the PDFs of the two crystalline phases at large r values
demonstrate the long-range order established after crystallization. In the following, It
will be shown that, with the help of the MD simulations, a deeper understanding of the
experimental data is achieved.
5.2.2 MD simulations
Figure 5.6 shows the MD simulation results. Figure 5.6a shows the evaporation process
where neutral and ionic (MgF2)-clusters in the gas phase are obtained. Figure 5.6b
shows an amorphous MgF2 network that has formed during the deposition simulation
on the MgF2 rutile (100) substrate at 50 K. Figure 5.6c shows the mostly crystalline
MgF2 network (distorted rutile-type structure) at the end of the deposition simulation
on the MgF2 rutile (100) substrate at 500 K. It is observed that the crystalline network
exhibits the highest degree of order in the bottom region near the substrate, while in the
top region far away from the substrate a disordered amorphous-like structure is present.
This is due to the fact that the first layers of atoms have had enough time at 500 K
to transform from the initially amorphous structure formed right after deposition to an
ordered atom arrangement.
Structure factors and corresponding PDFs are calculated from the above MD
simulation results and also from the perfect crystalline structure of both CaCl2-type and
rutile-type structures whose parameters are taken from [28]. They are then compared
to the experimental structure factors and PDFs.
5.2.3 Comparison between experiment and simulation
Figure 5.7a shows the experimental structure factors of the specimen measured at 733
K (Fig. 5.7a, black solid line) and of the MD simulation at 500 K using all atoms of the
MD cell (Fig. 5.7a, red solid line) and of the perfect model of rutile-type structure (Fig.
5.7a, blue dotted line). Peak positions of the experimental structure factor show good
agreement with those of the perfect model of the rutile-type structure. This agreement
confirms that the structure of the specimen annealed at 733 K is close to rutile-type.
However, the peaks of the experimental structure factor are strongly damped compared
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Figure 5.6: (a) Evaporation on crystalline rutile MgF2 substrate to obtain the cluster
structure in the glassy phase. (b) Structure obtained by MD simulations
at 50 K (amorphous) and (c) 500 K (crystalline). The regions in the black




to the perfect rutile-type model. On the other hand, the experimental structure factor
shows excellent agreement, both in peak heights and widths, with the structure factor
calculated from the 500 K MD model. Because the 500 K MD simulation contains highly
ordered as well as disordered regions, it is concluded that the specimen annealed at 733
K also contains disordered regions. According to that the MD simulation mimics the
crystallization process along the bottom-up direction in the MD supercells, these regions
most likely correspond to grain-boundary regions and occupy a large volume fraction
in the nanocrystalline structure of the specimen annealed at 733 K. A disordered grain
boundary (from MD results) is shown in the top part of the supercell in Fig. 5.6c and
enlarged in figure 5.8a, where the MgF6 octahedra (highlighted by green polyhedra,
above the two black arrows) are strongly distorted and in disordered arrangement.
From the 500 K MD simulation result one can calculate element-specific partial PDFs,
and these are shown in Fig. 5.7b: F–F (blue), Mg–F (pink), and Mg–Mg (green). These
partial PDFs allow us to better understand the presence of peaks of the total PDFs.
The first pronounced peak at 1.99 A˚ is due to the Mg–F first coordination shell. The
second pronounced peak at 2.83 A˚ is mainly attributed to the first F–F coordination
shell. Therefore, the F–Mg–F triangle is defined by the first and second peaks in the
PDF obtained from the experimental data, which reveals the approximately average
bonding angle of F–Mg–F of 90◦, and hence prove the existence of the Mg-centered
MgF6 octahedra in the annealed specimen. The broadening of the second peak toward
3.10 A˚ and the third pronounced peak at 3.60 A˚ correlate with two Mg–Mg peaks which
come from two different geometric configurations of the adjacent Mg–Mg atom pairs in
the rutile-type structure. The first configuration is due to two adjacent MgF6 octahedra
sharing one edge, i.e. two nearby Mg atoms share two F atoms, to form the first Mg–
Mg coordination shell (Fig. 5.8b, red dashed line). The second configuration is due to
two adjacent MgF6 octahedra sharing only one corner, namely one F atom, to form the
second Mg–Mg coordination shell (Fig. 5.8b, blue dashed line).
The experimental structure factor of the specimen deposited and measured at 123 K
(Fig. 5.9a, black) shows a very good agreement with the structure factor of the 50 K
MD simulation result (Fig. 5.9a, red line). The broad peaks in both structure factors
confirm the amorphous structure. The element-specific partial structure factors, F–F
(Fig. 5.9a, blue line), Mg–F (Fig. 5.9a, pink line), and Mg–Mg (Fig. 5.9a, green line)
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Figure 5.7: (a) Structure factors obtained from experiment at 733 K (black, solid)
and MD simulation at 500 K (red, solid), as well as the perfect rutile-
type structure (blue, dotted). (b) PDFs obtained from the experiment at
733 K (black, solid), MD simulation at 500 K (red, solid) and the perfect
rutile-type structure (blue, dotted). Also shown (bottom three curves) are
the element-specific partial PDFs, F–F (blue), Mg–F (pink), and Mg–Mg




Figure 5.8: (a) Enlarged section of the MD 500 K simulated network taken from Fig.
5.6c (black dashed rectangular box). The black arrows indicate the boundary
between the rutile-type structure and the strongly disordered region. The
red dashed lines highlight the increasing disorder far from the boundary. (b)
Enlarged local structure from the black dashed rectangular box in (a).
show that at large angles the total structure factor is dominated by the Mg–F partial
structure factor. The F–F and Mg–Mg partial structure factors are strongly damped in
the large-angle region.
The corresponding PDFs and partial PDFs are shown in Fig. 5.9b. Again,
experimental and simulated total PDFs show good agreement. From the partial PDFs
it is seen that the first pronounced peak at 1.99 A˚ corresponds to the Mg–F first
coordination shell, similar as for the rutile-type (Fig. 5.7b). The peak around 2.72
A˚ in the experimental PDF correlates to the short-range ordered structure of the F–F
octahedra. Compared to the crystalline state (Fig. 5.7) the peak at 2.72 A˚ is strongly
damped in the experimentally obtained PDF of the amorphous material. This implies
53
5 Magnesium difluoride (MgF2)
Figure 5.9: (a) Structure factors obtained from the experiment at 123 K (black) and MD
simulation at 50 K (red), as well as the element-specific partial structure
factors, F–F (blue), Mg–F (pink), and Mg–Mg (green), calculated from the
MD model annealed at 50 K. (b) PDFs obtained from the experiment at 123
K (black), MD simulation at 500 K (red) and the element-specified partial
PDFs (bottom three curves), F–F (blue), Mg–F (pink), and Mg–Mg (green),
calculated from the atomic structure of the MD simulation at 50 K.
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Figure 5.10: (a) Enlarged piece of the MD 50 K simulated network taken from Fig. 5.6b
(black dashed rectangular box). The red-colored polyhedra indicate a set
of ordered octahedra as a nucleus. (b) Enlarged local structure from (a)
(black dashed circle).
that the F–F octahedra are significantly distorted and some of the Mg atoms may even
have only 4 or 5 F neighbours. Figure 5.10a, enlarged from Fig. 5.6b (black dashed
rectangular box), depicts the disordered arrangement of distorted octahedra (green
polyhedra).
Despite the overall good agreement between experimental and MD PDF data, there
are several small differences marked by arrows in Fig. 5.9b. The red arrow on the 50 K
MD PDF points out the first Mg–Mg peak which occurs when two adjacent Mg atoms
share two F atoms (Fig. 5.10b, red dashed line), i.e. the first Mg–Mg coordination
shell. The blue arrow on the 50 K MD PDF indicates the second Mg–Mg peak which
corresponds to two adjacent Mg atoms sharing only one F atom (Fig. 5.10b, blue
dashed line), i.e. the second Mg–Mg coordination shell. As the contributions of the Mg–
F peaks in the region between 2.9 and 3.8 A˚ are not expected to be very pronounced, the
positions of the two arrow-marked peaks should mainly be dominated by the Mg–Mg
contribution. Therefore, it is assumed that the red arrow at 2.97 A˚ on the experimental
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PDF is related to the first Mg–Mg coordination shell, and the blue one at 3.68 A˚ to
the second Mg–Mg coordination shell, respectively. The mismatches marked by the red
and blue arrows in Fig. 5.9b can be attributed to different Mg–Mg distributions of
the experimental and simulated structure. The first Mg–Mg coordination shell in the
experiment has a smaller radius than the one in the MD model. The second Mg–Mg
coordination shell in the experiment has a larger radius than in the MD simulation
result. The radial difference between the first Mg–Mg coordination shell and the second
Mg–Mg coordination shell in the experiment is larger than that in the MD model. It
can be explained that this difference might be connected to the mismatch marked by
the green arrow in Fig. 5.9b which is contributed by the Mg–F pairs.
Figure 5.11a shows the comparison between the structure factor of the specimen
annealed at 463 K (black) and the perfect rutile-type crystalline structure (red). Fig.
5.11b shows the comparison between the structure factor of the specimen annealed at
463 K (black) and the perfect CaCl2-type crystalline structure (red). In Fig. 5.11b, the
structure factor of the annealed specimen shows good agreement with that of the perfect
CaCl2-type structure in the low-angle range (left side of the blue dashed line), which
contains information about the long-range periodicity of the structure. However, from
the peak position point of view, the structure factors between experiment and perfect
CaCl2-type do not match in the high-angle range (right side of the blue dashed line),
which contains information about the short-range periodicity. On the other hand, in
Fig. 5.11a, peak positions of the structure factor of the annealed specimen agree with
peak positions of the structure factor of the perfect rutile-type structure in the high-
angle range. This angular-dependent agreement implies that the structure observed in
the experimental specimen annealed at 463 K contains long-range periodicity similar to
the one in the metastable CaCl2-type structure together with a short-range distortion
towards the thermodynamically stable rutile-type structure.
Figure 5.11c shows the PDF of the specimen annealed at 463 K (black) showing strong
damping compared to that of the perfect CaCl2-type structure (red). The damping
reveals that the annealed specimen is strongly distorted from the perfect CaCl2-type
structure. The positions marked by red stars show even the same feature as the PDF of
the specimens annealed at 733 K (Fig. 5.11b, red stars), which has rutile-type structure.
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Figure 5.11: (a) Structure factors of the experiment measured at 463 K (black) and
perfect rutile-type structure (red); (b) experimental structure factors
measured at 463 K (black) and perfect CaCl2-type structure (red); (c)
experimental PDFs measured at 463 K (black) and perfect CaCl2-type
structure (red line) as well as the element-specific partial PDFs (bottom
three curves), F–F (blue), Mg–F (pink), and Mg–Mg (green), calculated
from the perfect CaCl2-type structure.
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Therefore it can be assumed that the observed structure in the specimen annealed at
463 K contains features of both, the CaCl2-type and the rutile-type structure.
The CaCl2-type structure also contains MgF6 octahedra. These octahedra have an
arrangement similar to the slightly tilted ones present in the ideal rutile structure. The
partial PDFs, F–F (Fig. 5.11c, blue line), Mg–F (Fig. 5.11c, pink line), and Mg–Mg
(Fig. 5.11c, green line), obtained from the perfect CaCl2-type structure confirm these
geometric configurations. The Mg–Mg partial PDF shows the first Mg–Mg peak at 2.97
A˚ and the second Mg–Mg peak at 3.68 A˚. The two Mg–Mg peaks have exactly the same
positions as those in the experiment at 123 K (Fig. 5.9b, red and blue arrows). However,
the corresponding peaks in the rutile-type structure are at 3.08 and 3.60 A˚, which differ
from the Mg–Mg first and second peaks in the experiment at 123 K and the differences
are outside of the error bar. This reveals that the specimen deposited at 123 K has
locally the same Mg–Mg distribution as the CaCl2-type structure.
5.3 Discussion
The phase transformation from the amorphous phase through the polycrystalline
CaCl2-type phase to the rutile-type phase is observed in the experiment and this
phase transformation is not reversible when the temperature is reduced. The CaCl2-
type structure is attributed to a metastable phase, while the rutile-type phase is
thermodynamically stable.
The very good match between the PDFs obtained from the experimental data and from
the MD simulation, both in the crystalline rutile-type phase as well as the amorphous
phase, shows that our PDF data are reliable. It is also a confirmation for the applicability
of the applied pair potential to the amorphous and crystalline phases.
The specimen deposited at 123 K contains the same Mg–Mg geometric local structure
as the metastable CaCl2-type phase. This indicates that already during the atom
deposition process the deposited clusters rearrange their positions locally to reduce
the free energy, i.e. the as-deposited state is not the ideally random distribution of
the gas-phase clusters. Obviously the deposit reaches a local minimum in the energy
landscape whose free energy is in between the ideally amorphous phase and the CaCl2-
type phase. Differences between the simulated and experimental PDFs are most likely
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due to the difference in temperature (50 K versus 123 K) and the difference in time
(nanoseconds versus hours). In the MD simulation, gas-phase clusters are deposited in
random locations on the substrate, and because of the low temperature not enough local
rearrangements can take place inside this amorphous phase during the limited simulation
time.
The local CaCl2-type magnesium atom arrangement in the experimental amorphous
specimen plays the role of crystallization nuclei to guide the crystallization process
toward the CaCl2-type phase when the specimen is annealed at 458 K. The direct
structure evolution to the crystalline rutile-type structure, which constitutes the global
minimum of the (free) energy landscape in the MgF2 system, is thus suppressed. The
high density of the CaCl2-type nuclei leads to small grain sizes (5–10 nm) even at an
annealing temperature of 463 K. At this temperature, the structure of the intergranular
regions is still essentially amorphous. We note that previous theoretical calculations [79]
and our ab-initio structure relaxation show that the perfect (defect-free) bulk CaCl2-type
structure is not separated by an energy barrier from the rutile-type structure. Therefore,
crystallization from the amorphous phase should directly lead to the energetically
stable rutile-type phase. However, the experimental data suggest the presence of a
barrier between the CaCl2-type and rutile-type phases. Haines et al. [80] reported
an experimental observation of a second-order phase transformation of MgF2 from the
rutile-type structure to the CaCl2-type structure at high ambient pressure (9.1 GPa).
This indicates that strain can stabilize the CaCl2-type structure. It is suggested that in
the samples this structure is stabilized by the presence of intergranular strain between
the nanocrystals caused by the disordered intergranular regions. This strain generates a
barrier on the energy landscape which stabilizes the CaCl2-type structure. To confirm
this statement, an abinitio calculation was also performed, where a 2×2×2 supercell of
the CaCl2-type modification (structure data taken from experiment [28]) was relaxed on
ab-initio level while keeping the cell parameters of the supercell fixed. This boundary
condition mimics the application of an external strain to a nanoscale crystal. Even
though the Mg- and F-atoms were free to move within the supercell, no distortion
towards a rutile-like atom arrangement occurred. In contrast, if the cell parameters
were allowed to vary during the relaxation, the structure directly transforms to the
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rutile-type modification. Thus, these calculations strongly support the hypothesis that
the CaCl2-type nanocrystals are stabilized by intergranular strains.
Figure 5.12: Diffraction patterns measured at 463 K (a) immediately following the
crystallization and (b) after 18 hours.
Because of the metastability of the CaCl2-type phase, the structure factor and PDF
measured at 463 K show a mixed structural configuration between long-range CaCl2-
type periodicity and short-range distortion towards the rutile-type structure. The first
crystallization to the CaCl2-type structure happened very fast (within a few seconds)
when the temperature reaches about 458 K. The specimen was kept at 463 K for around
18 h and diffraction patterns were acquired at different times to monitor whether the
structure changed during heating. As shown in Fig. 5.12, no discernible structure change
was found from the time-resolved diffraction patterns. Moreover, to fit perfect rutile-
type and perfect CaCl2-type structure factors to the structure factor measured at 463
K with different composition ratios was tried, but no better match could be obtained
both in the low-angle and the high-angle regions. Therefore, it is believed that the phase
observed at 463 K is not simply a mixture of CaCl2-type and rutile-type phases, but a
single phase with a structure possessing both the CaCl2-type in long-range order and
the rutile-type in short-range order.
Upon annealing at temperatures above 653 K, the crystal size grows, the volume of
60
5.3 Discussion
the intergranular regions decreases, and thus the intragranular strain is reduced. The
long-range order of the CaCl2-type crystalline grains finally transforms to the rutile type.
Figure 5.13: Sketch of the structure evolution on the explored energy landscape of
the MgF2 system. Blue level lines delineate minima regions representing
metastable structures; and red level lines delineate mountain regions
representing thermodynamically forbidden structures. Black dot boxes
correspond to experimentally observed phases. Blue dashed lines illuminate
directions of random walks of system configurations at the experimental
annealing temperature; red dashed lines demonstrate two forbidden paths
for the experimental annealing strategy.
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The structure evolution is summarized using a schematic of the energy landscape of
the MgF2 system as follows (Fig.5.13): An amorphous MgF2 film is formed by low-
temperature atom beam deposition at 123 K. The deposited MgF2-clusters undergo
movements to reach configurations corresponding to a local minimum in the energy
landscape of the MgF2 system. The rearranged structure possesses the same short-
range structure as the CaCl2-type phase. Because of the low temperature no long-range
motion of atoms is possible and the rearranged structure does not show long-range order.
When the temperature reaches 458 K, the random motion of Mg and F atoms
is sufficiently increased in the amorphous phase to allow ordering to take place.
Owing to the high density of the local CaCl2-type atomic arrangement in the
amorphous phase, structure development towards the rutile-type phase is suppressed.
Instead, a thermodynamically metastable phase with CaCl2-type structure develops with
nanometer-sized grains and disordered grain boundaries. This phase constitutes a local
minimum in the energy landscape with lower (free) energy than the experimentally
observed amorphous phase. The new metastable phase contains structural features of
both the CaCl2-type structure (at long-range) and the rutile-type (at short-range).
At temperatures above 653 K, Mg and F atoms gain enough thermal activation in order
to overcome the (free) energy barrier between the nanocrystalline CaCl2-type phase and
the nanocrystalline rutile-type phase. Hence, the structural configuration finally reaches
the global minimum on the energy landscape, namely the thermodynamically stable
rutile-type phase. However, disorder at grain boundaries still exists in this final state.
This implies that a high energy barrier exists between the polycrystalline arrangement
of nano-sized rutile-type crystals and the perfect single-crystalline rutile-type phase.
5.4 Conclusion
By a combination of electron diffraction, a modified PDF analysis, and MD simulations,
the short-range order of the amorphous phase and the distorted crystalline phase were
analysed. Raw simulation data were used without any structure refinement aiming at
an optimization of the two data sets. The excellent correspondence of experimental and
MD data is a strong evidence for the reliability of the PDFs from electron diffraction
62
5.4 Conclusion
and the high quality of the used interatomic potentials, and gives us high confidence in
our data analysis.
This study successfully answered open questions of previous studies: the short-range
structure of the amorphous phase was detected and the previous assumption of the
existence of CaCl2-type nuclei in the amorphous phase was confirmed. It is shown
that the observed CaCl2-type phase contains structural features of both, the metastable
CaCl2-type in the long range and the rutile-type in the short range. Disordered
intergranular regions were found which most likely stabilize the CaCl2-type phase.
As an extension of the present work, the exploration of the phase behaviour of other
metal fluorides, such as other earth alkali fluorides, will be shown in next the chapter,
in order to clarify the influence of, e.g., the cation ionic radii and of the addition of a
second cation, like in (Ca,Ba)F2.
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6 Other alkaline earth fluorides
6.1 Pure binary alkaline earth fluorides (CaF2, SrF2,
BaF2)
Calcium fluoride (CaF2), strontium fluoride (SrF2) and barium fluoride (BaF2) were
investigated. The naturally stable crystalline CaF2, SrF2, and BaF2 phases possess the
isostructural fluorite structure (Fm3m, space group No.225), as shown in figure 6.1,
which is different from the MgF2. Cations form a face-centred cubic lattice (fcc). Eight
fluoride atoms form a simple cubic structure inside the fcc cell. Four cations surround
one fluoride forming a tetrahedron. Two adjacent tetrahedra link via one edge.
Figure 6.1: The fluorite structure, which contains a face-centred cubic arrangement of
cations (grey) and a simple cubic arrangement of fluoride anions (green).
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Because of the structural difference to MgF2, the structure evolution from the
amorphous phase to the polycrystalline phase is expected to be different from MgF2.
Moreover, the differences among the CaF2, SrF2 and BaF2, are also interesting for
understanding the radius size effect of the cations.
The in-situ diffraction experiments show that the amorphous phases of CaF2, SrF2,
and BaF2 directly crystallize to the fluorite structure by annealing. No intermediate
phases are found. The transition temperatures of all three structures are the same
(273±10 K).
Figure 6.2 shows PDFs extracted from the in-situ diffraction data. Due to multiple
scattering of the electron beam, the heights of the PDF curves were normalized at the
first pronounced peak, which is the first coordination shell of cation–F. The PDFs in Fig.
6.2 depict the experimentally observed structure evolution of CaF2, SrF2 and BaF2. The
solid lines obtained at low temperature (193 K) exhibit strongly damped oscillations at
large r-values, which prove that the samples produced at liquid nitrogen temperature are
amorphous. The dotted lines obtained at room temperature (303 K) exhibit distinctively
pronounced peaks, which, along with their positions, prove that the annealed samples
have crystallized with fluorite structures (Fm3m).
The PDFs of both the amorphous and crystalline phases among the three compounds
are very similar. Therefore, in following the PDFs of CaF2 is used as an example to
discuss all three compounds. The first pronounced peak of the crystalline PDF at 2.36 A˚
corresponds to the first coordination shell of Ca–F. The second pronounced peak of the
crystalline PDF at 3.87 A˚ corresponds to the first coordination shell of the Ca–Ca and the
second coordination shell of F–F, where the first one relates to the short-range structure
of F-centred tetrahedra and the second one corresponds to the ordering of the F-centred
tetrahedra. The third pronounced peak of the crystalline PDF at 4.58 A˚ corresponds to
the second coordination shell of the Ca–F, which relates to the structure of the simple
F cube. The PDF of the amorphous CaF2 shows only three pronounced peaks. They
have similar positions as the discussed three pronounced peaks in the crystalline PDF.
This indicates that the three peaks in the amorphous PDF correspond to the same atom
pairs as in the crystalline PDF. Thus, a strongly distorted short-range order exists in
the amorphous phase: distorted F-centred tetrahedra and partially ordered adjacent
tetrahedra which are disordered in the long range. Furthermore, the first peak in the
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Figure 6.2: Experimentally measured PDFs of the amorphous phase (solid lines) at 193
K and the crystalline phase (dotted lines) at 303 K of CaF2 (bottom, green),
SrF2 (middle, blue), and BaF2 (top, red) at 303 K. The black lines label
the first coordination shell of cation–F, F–F, cation–cation and the second
coordination shell of F–F and cation–F, respectively.
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PDF of amorphous CaF2 has almost the same width as for crystalline CaF2 revealing
that the Ca–F bonding distances in the amorphous phase are almost identical to those
in the crystalline phase. This proves the stability of the short-range structure in the
amorphous phase. The situations are the same for the other two compounds, SrF2 and
BaF2. The differences of the more pronounced second peak and reduced third peak are
due to the different scattering factors between Ba, Sr, and Ca.
These results suggest the following structure evolution. Despite the long-range
disorder, tetrahedra are well ordered on a small length scale in the amorphous structure.
Such locally ordered regions have low potential energy and act as nuclei for the
crystallization during annealing.
6.2 Mixture of calcium difluoride and barium difluoride
((Ca0.5Ba0.5)F2)
6.2.1 In-situ diffraction and HRTEM
The two fluoride compounds were deposited simultaneously with 1:1 atomic ratio on
a 2 nm thick amorphous carbon substrate by the LT-ABD technique at 123 K. Hence
the Ca and Ba cations were randomly mixed on the atomic level. The structure of the
mixture is initially amorphous as confirmed by electron diffraction measured at 123 K.
The diffraction pattern (Fig. 6.3a) and the corresponding structure factor (Fig. 6.3d,
black line, bottom) are recorded at 303 K. No structural changes are detected up to this
temperature.
After annealing, the amorphous specimen crystallizes at around 643 K and forms a
polycrystalline phase with fcc structure shown by the diffraction pattern recorded at
673 K (Fig. 6.3b) and the corresponding structure factor (Fig. 6.3d, red line, middle).
An HRTEM image taken along the [111] direction of one crystal (Fig. 6.4b) enlarged
from Fig. 6.4a (white dashed box) as well as its Fourier transform (Fig. 6.4c) further
confirm the fcc structure. Red lines in Fig. 6.4a encircle some pronounced CaBaF4
nanocrystals, which shows that the grain size is around 8–15 nm. In addition, EFTEM
EELS mapping of Ba (N-edge) and Ca (L-edge) and EDX measurements prove that Ba
and Ca are homogeneously mixed in the film. Therefore, the crystalline phase formed
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Figure 6.3: Experimentally measured electron diffraction patterns recorded at (a) 303 K,
(b) 673 K, and (c) 1073 K of the CaBaF4 film. (d) Temperature dependent
structure factors determined from the diffraction patterns in (a, b, c).
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Figure 6.4: (a) HRTEM image of the solid-solution phase recorded at 673 K. (b) Enlarged
image from the white dashed box in (a) showing the [111] direction of the
fcc crystal. (c) The Fourier transform of (b), where two indexes of the
corresponding planes with regard to the bright spots are indicated.
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Figure 6.5: (a) HRTEM image of the phase-separated material recorded at 1073 K (BaF2:
red, CaF2: green). (b) The enlarged structure factor of the blue line (1073
K) in Fig. 6.3 (d). The lines at the bottom represent calculated diffraction
peaks (BaF2: red, CaF2: green). (c) EFTEM chemical mapping of the
phase-separated material (green: Ca-M2,3 signal, red: Ba-N4,5 signal).
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at 643 K should be a solid-solution phase with fluorite (Fm3m) structure as shown in
Fig. 6.1. Ca and Ba ions occupy the fcc positions with equal probability according to
the stoichiometric ratio. Due to interest in ionic conductivity properties of CaF2 and
BaF2, Heitjans et al have reported the solid-solution phase which was synthesized by
ball milling crystalline CaF2 and BaF2 particles [81–83]. In this work the solid-solution
phase was obtained by the annealing process from the initially amorphous phase and
the main focus is on the viewpoint of the structure evolution.
Figure 6.6: Experimental PDFs of the amorphous (Ca0.5Ba0.5)F2 phase (black, bottom)
and the solid-solution CaBaF4 phase (red, top). The violet lines indicate
cation–F bond distance, the red lines indicate cation–cation nearest distance,
and the green lines indicate cation–F second nearest distance.
With increasing temperature, the specimen undergoes a second crystallization at
around 753 K and forms a third phase, shown by the diffraction pattern recorded at 1073
K (Fig. 6.3c) and the corresponding structure factor (Fig. 6.3d, blue line, top). This new
phase is an elementally separated polycrystalline phase containing CaF2 nano-crystals
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and BaF2 nano-crystals. This elemental separation is confirmed by the comparison
between the experimentally measured structure factor and the calculated diffraction
peaks for pure CaF2 [84] and BaF2 [85] using bulk crystal data (Fig. 6.5b). Chemical
mapping (Fig. 6.5c) of Ca (M2,3 edge) and Ba (N4,5 edge) obtained by acquiring EFTEM
image series (in the energy range of 0135 eV with a 2 eV energy slit) further confirms
the phase separation. The HRTEM image (Fig. 6.5a) highlights the pronounced CaF2
(green) and BaF2 grains (red) and shows that the grain size is around 20 and 50 nm.
The PDF of the amorphous (Ca0.5Ba0.5)F2 state (black, bottom, Fig. 6.6) shows
damped peaks at long-range, but strongly pronounced peaks in the short-range. The
first measured pronounced peak is split into two peaks at 2.31 A˚ and 2.67 A˚ (Fig. 6.6,
violet lines on the black line, bottom). This implies that the nearest bond distances
between Ca–F and Ba–F are different. The measured bond distances deviate slightly
from the literature data of bulk CaF2 [84] and BaF2 [85], where the Ca–F bond length
is 2.37 A˚ and the Ba-F bond length is 2.68 A˚ . The second pronounced PDF peak of the
amorphous phase corresponds to the cation-to-cation distance. It implies the existence
of short-range order of Ca4F and Ba4F tetrahedra in the amorphous phase. The Ca4F
and Ba4F tetrahedra have different volume and are randomly connected to form the
amorphous network, schematically shown in Fig. 6.7.
In contrast, the PDF of the solid-solution shows more pronounced peaks in the long-
range, but peaks in the short-range are still as broad as for the amorphous PDF. One
notable change is that the first two peaks of the amorphous phase merge together to one
single maximum, i.e. only one peak exists at 2.60 A˚ in the solid-solution. Therefore,
it can be suggested that after annealing the isolated Ca4F and Ba4F tetrahedra (Fig.
6.7a) in the amorphous phase merge together and consequently Ca–F and Ba–F bonds
balance their length to an average value to form a fluorite crystal (Fig. 6.7b). Because of
the different equilibrium distance of Ca–F and Ba-F pairs, the solid-solution crystalline
unit must be strongly distorted leading to broad peaks in the short-range.
The change of the Ca–F and Ba–F average bond lengths causes an average volume
increase of the Ca4F tetrahedra from the amorphous phase to the solid-solution phase,
and simultaneously a volume decrease of the Ba4F tetrahedra from the amorphous phase
to the solid-solution phase. The volume changes result in a strong (potential) energy
barrier between the amorphous and the solid-solution structure. This barrier sufficiently
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(a) (b)
Figure 6.7: (a) Sketch of the assumed amorphous (Ca0.5Ba0.5)F2 network constructed by
Ca4F and Ba4F tetrahedra. Some F (pink) ions are in a hybrid coordination
environment. Some of them are even non-4-fold coordinated. (b) The solid-
solution crystalline structure (fluorite), where the Ca2+ and Ba2+ occupy the
fcc atomic positions with a probability of 1/2 (50%).
stabilizes the amorphous phase of the mixture at high temperature compared to the
amorphous phase of the pure CaF2, SrF2, and BaF2 discussed previously (chapter 6.1).
The strongly distorted crystalline lattice of the solid-solution phase as well as the
deviation of the bond length causes large additional energy which unstabilizes the
structure. By further heating (> 753 K), one species of cations can easily diffuse away
from the solid-solution phase under formation of chemically separated phase.
6.2.2 Energy-loss near-edge structure (ELNES) analysis
Figure 6.8 shows the fluorine-K edge for the different phases. The differences of the
near-edge fine structures among the three phases are clearly observed, which differences
correspond to the different chemical environments of the F− ions for the different
structures.
Figure 6.9 shows a comparison of the F-K edge between the experimentally measured
EELS for the phase-separated phase and the X-ray absorption spectra (XAS) of the
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Figure 6.8: EELS of the F-K edge of amorphous phase (black, bottom), solid-solution
phase (red, middle), and BaF2+CaF2 separated phase (blue, top).
pure compounds BaF2 and CaF2 from reference [86]. This comparison shows that the
F-K edge of the EELS data of the phase-separated phase (blue, solid) has the same
features as the dashed red line which is a superposition of the XAS of pure CaF2 (green,
solid) and pure BaF2 (green, solid). This further proves elemental separation. The onset
energy of the F-K edge of BaF2 is 1.3 eV lower than that of CaF2 because the Ba–F
bond length in the crystalline BaF2 is larger by 12% than the Ca–F bond length in the
crystalline CaF2.
For the solid-solution phase, the experimental EELS spectrum is compared to the XAS
data (Fig. 6.10). The onset energy of the F-K edge of the solid-solution phase (Fig.
6.10, pink solid line) is 0.5 eV lower than that of the BaF2 + CaF2 superposition (Fig.
6.10, blue dashed line) and in between those of the onset of BaF2 (Fig. 6.10, orange
solid line) and CaF2 (Fig. 6.10, green solid line). This can be understood because the
bond length of F-cations in the solid-solution phase is in between those of pure CaF2
and BaF2.
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Figure 6.9: Comparison of the F-K edge of the phase-separated material between the
EELS experiment data (blue, solid) and X-ray absorption spectra of pure
BaF2 (orange, solid), pure CaF2 (green, solid) as well as their superposition
(red, dashed) [86].
To gain better understanding of the spectra, calculations of the F-K edge of the
solid-solution were done by using the FEFF8 code [87, 88]. To simulate the disordered
distribution of Ba2+ and Ca2+ ions in the fcc arrangement, the model of the solid-solution
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is built for five different coordination conditions of the first shell of the centred F− ion:
the F− coordinated with four Ba2+ ions (F–Ba4) in the tetrahedral configuration; with
three Ba2+ ions and one Ca2+ ion (Ca–F–Ba3); and so on, (Ba2–F–Ca2); (Ba–F–Ca3);
until (F–Ca4) where all Ba2+ ions are replaced by Ca2+ ions in the tetrahedron. All
other atoms in the outside shells follow the fluorite structure, and Ba2+ and Ca2+ ions
are put on the fcc cationic positions with both occupancies of 50%. The cell size (a =
6.018 A˚) was adopted as the value measured by electron diffraction (Fig. 6.3d, red line,
middle), in which the error bar is given as ±0.01 A˚. Six coordination shells are included
in the calculation. The core-hole effect is considered by using a Z+1 approach. Finally,
the calculated five spectra are add with the same weight to simulate the solid-solution
spectrum.
Figure 6.10: Comparison of the F-K edges between experimental EELS spectra for the
solid-solution phase (pink, solid) and X-ray absorption spectra for pure
BaF2 (orange, solid) and CaF2 (green, solid) as well as their superposition
(blue, dashed) [86].
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Figure 6.11: EELS F-K edge spectra calculation by the FEFF8 code. The solid lines
are the spectra for different coordination environments of the central F−
ion. The dashed line is a superposition of all solid lines with equal weight,
mimicking the calculated F-K edge spectrum of the solid-solution phase.
The calculated spectra are shown in Fig. 6.11, where the solid lines correspond to
the five different coordination conditions of the F− and the dashed line is the calculated
solid-solution spectrum as a sum of the five solid lines. The solid lines (Fig. 6.11) reveal
the gradual changes of the spectra with the change of the coordination conditions. One
notable point is that the onset energy (i.e. the chemical shift) is not affected by the
next-neighbour atom species. It confirms the assumption that the onset energy in the
fluorite structures BaF2 and CaF2 mainly depends on the bond distance, rather than
78
6.2 Mixture of calcium difluoride and barium difluoride ((Ca0.5Ba0.5)F2)
Figure 6.12: (a) Comparison of the calculated F-K edge spectra between the crystalline
fluorite CaF2 (black, solid), BaF2 (red, solid), and the solid-solution phase
(blue, dashed). (b) Comparison of F-K edge spectra of the solid-solution
phase between the simulation (black) and the EELS experiment (red)
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the atomic number of the cations. Combining with Fig. 6.10, the onset energies seem
to be inversely proportional to the cation–F bond distance.
Beside the simulation of the solid-solution spectrum, the F-K edges of the crystalline
fluorite CaF2 and BaF2 are also calculated. Fig. 6.12a shows a comparison of the
calculated F-K spectra of crystalline CaF2, BaF2, and the solid-solution phase. The
spectra of CaF2 and BaF2 are not identical to the XAS data (Fig. 6.9, Fig. 6.10), but
have comparable peaks and peak positions, i.e. the calculations are qualitatively reliable.
Fig. 6.12a again shows that the behaviour of the onset energies from the calculations
agrees with the experimental measurements in Fig. 6.10, i.e. ECaF2 > Esolid−solution >
EBaF2 as DBaF2 > Dsolid−solution > DCaF2 , where E is the onset energy, and D is the
cation–F bond length.
The simulated solid-solution F-K edge spectrum is finally compared to the
experimental EELS F-K spectrum in Fig. 6.12b. All peaks below 702 eV are found in
both, the simulated and experimental spectra, and they have the same energy positions.
Only the relative intensities between the first and the third peaks are not comparable.
The onset energy of the experimental spectrum of the amorphous phase is even by
0.7 eV higher than the solid-solution experimental spectrum (Fig. 6.8). The reason for
this observation remains unclear. Simulating the spectrum requires not only taking the
tetrahedral structure into account, but also considering other non-equilibrium phases,
because the non-tetrahedrally coordinated F− ions (Fig. 6.7a pink atoms) can cause
high free energy, so that the system is locally in a metastable phase. Further studies are
required to solve this problem in the future.
6.3 Mixture of magnesium fluoride and barium fluoride
((Ba0.7Mg0.3)F2)
Mg2+ ions in rutile-type structure are 6-fold-coordinated by F−, Ba2+ ions in the fluorite-
type structure are 8-fold-coordinated by F−. Moreover, Ba has the largest radius in the
alkaline earth metal group (except Ra which is radioactive element). Therefore, the
structure evolution of the mixture of MgF2 and BaF2 is interesting to be compared with
the mixture of CaF2 and BaF2. MgF2 and BaF2 are deposited simultaneously on a 2 nm
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Figure 6.13: Experimentally measured electron diffraction patterns of the Mg0.3Ba0.7F2
film recorded at (a) 193 K, (b) 643 K , and (c) 743 K. (d) The diffraction
profiles at 193 K (pink line), 643 K (black line), and 743 K (red line) as well
as the profile (blue line) obtained by subtracting the 193 K profile from the
643 K profile and the diffraction peaks calculated from the database of the
bulk crystalline MgBaF4 [89] (red lines).
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Figure 6.14: (a) HRTEM image of the amorphous mixture. (b) PDF of amorphous
(Mg0.3Ba0.7)F2 measured at 193 K (red, solid) and of amorphous BaF2
(blue, dashed) from Fig. 6.2 (red solid) for comparison.
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carbon support at liquid nitrogen temperature via the LT-ABD method. In-situ heating
experiments are performed in the TEM following the same procedure as discussed in
chapter 4.
The experimental results reveal that the mixture is initially amorphous, shown by the
diffraction data in Fig. 6.13a and its profile in Fig. 6.13d (pink line). The HRTEM
image (Fig. 6.14a) further proves the structure to be amorphous instead of showing
nanometer-sized crystals. Figure 6.14b shows the PDF of the amorphous Ba0.7Mg0.3F2
mixture (solid line, red) extracted from the experimental diffraction data and the PDF
of amorphous pure BaF2 (dashed line, blue) taken from Fig. 6.2 (red solid). The PDFs
are quite similar. One has to consider that the scattering power of Ba2+ ions is much
larger than that of Mg2+ ions so that signals from the BaFx clusters in the amorphous
mixture are much stronger than those from MgFy clusters (the x, y subscripts represent
the numbers of F for the Ba- and Mg-centred polyhedra). Therefore, the similarity of
the two PDFs indicates that the BaFx clusters in the amorphous mixture have similar
structures as in pure amorphous BaF2. Furthermore the Ba–F distances in the mixture
are not strongly influenced by the additional Mg2+ ions. The slight differences between
the two PDFs are caused by the scattering signals coming from the Mg2+ ions and
also variations of the structure of the BaFx clusters compared to the pure amorphous
BaF2 due to additional Mg
2+ ions. The differences are accumulated with increase of
inter-atomic distance.
The amorphous mixture crystallizes when the temperature is increased up to 593 K.
Small crystals with sizes of 6–12 nm (Fig. 6.15a recorded at 643 K) form. The diffraction
data recorded at 643 K are shown in Fig. 6.13b and d (black line). In addition to the
Bragg peaks in the diffraction data, one can see strong diffuse scattered signals, which
reveals that the crystallized mixture still contains a large fraction of the amorphous
component. The blue line in Fig. 6.13d is calculated by subtracting the amorphous
profile (pink line) from the first crystallized profile (black line). This blue line has the
same peak positions as the fcc BaF2 fluorite-type structure. This reveals that the grains
in the at 593 K annealed mixture are BaF2. The amorphous residues should contain
all MgF2 and a part of BaF2 which will be proven by the following results upon further
heating experiments.
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Figure 6.15: BF images of the mixture recorded at (a) 643 K and (b) 743 K. (c) STEM-
HAADF image recorded at 743 K. (d) EDX spectra acquired from the areas
in the red box (red line) and brown box (black line) in (c), the difference
between Mg-K peak of the two spectra is highlighted by green color.
84
6.3 Mixture of magnesium fluoride and barium fluoride ((Ba0.7Mg0.3)F2)
(a) (b)
Figure 6.16: The atomic structure of BaMgF4, (a) Two units stacked along the c axis.
(b) overview along the a axis.
Figure 6.17: HRTEM image of BaMgF4 along the [103] direction. The insert is a
simulated image using a multislice algorithm (QSTEM [90]) as well as the
structure with the crystalline direction adopted in the simulation.
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After high temperature annealing, some additional peaks appear in the diffraction
data (Fig. 6.13c and d red line), which is recorded at 743 K. The diffraction data show
that the residual amorphous component is finally crystallized when the temperature is
further increased. This secondary crystallization happens at around 723 K. A crystalline
ternary compound which contains Ba2+, Mg2+, and F− ions with stoichiometric ratio
Ba:Mg:F = 1:1:4 (BaMgF4) forms. TEM BF image in Fig. 6.15b shows the morphology
of the fully crystallized mixture film. STEM-HAADF image (Fig. 6.15c) as well as the
EDX spectra (Fig. 6.15d) exhibit the chemical difference between the crystals. Two
types of chemical ratios are present. Pure Ba crystals show bright contrast and crystals
containing both Ba and Mg show dark contrast. The Mg:Ba atomic ratio differs from
1:1 which may be attributed to the strong absorption of the Mg-K X-rays which have
quite a low energy of around 1.25 keV. The crystalline BaMgF4 has an orthorhombic
BaZnF4-type structure, space group Cmc21 (no. 36), which has been reported by Gingl
[89] in 1997 and which is schematically shown in Fig. 6.16. Theoretical diffraction peaks
of the structure are calculated by using parameters in the report and shown by the red
lines in Fig. 6.13d. The structure is proven by the good match between the calculated
red lines and the additional peaks which appear after the high temperature annealing
in the experimental data (red line, Fig. 6.13d). Figure 6.17 shows a HRTEM image
of a BaMgF4 crystal along [103] direction. The inset shows a simulated image and the
structure used for the simulation. The good matching between the HRTEM image and
the simulation further proves the BaZnF4-type structure. The structure consists of MgF6
octahedra similar as in rutile-type MgF2, but more distorted. The MgF6 octahedra are
linked via vertices forming zigzag chains which are parallel to each other. The Ba2+
ions occupy the sites between chains and have nine F− neighbours. The Mg–F bond
distances range from 1.93 to 2.07 A˚ . The Ba–F bond distances range from 2.60 to 3.00




The structure evolution of pure earth alkali (Mg, Ca, Sr, Ba) fluoride and their mixtures
(Ca+Ba and Mg+Ba) are summarized in Table. 6.1. Pure CaF2, SrF2, and BaF2
show identical behaviour, namely direct crystallization from the amorphous phase to the
fluorite-type phase, without any intermediate metastable phase. This shows that the
small radial difference of the three cations is not enough to affect the structure evolution
of CaF2, SrF2, and BaF2. However, the ionic radius of Mg
2+ is significantly smaller than
the ionic radii of Ba2+, Sr2+, and Ca2+. This is the reason why the thermodynamically
stable structure of the alkaline earth fluorides have 8-fold cation-F coordination in CaF2,
SrF2, and BaF2, but 6-fold coordination in MgF2 [91]. This coordination difference
finally influences the phase transformation behavior of MgF2. In the amorphous phase,
the Mg2+ ions can occupy interstitial sites of F− framework (F6-octahedra) leading
to adjacent MgF6 octahedra sharing faces instead of corners (Fig. 5.8a, highlighted
octahedra). This preserves the octahedral tilt (Fig. 5.8, red dashed lines) and stabilizes
the metastable CaCl2-type phase. The fluorite structure does not allow the big Ca
2+,
Sr2+, and Ba2+ ions to occupy interstitial sites of the F− framework (F8-hexahedra), so
that there is no metastable phase.
Differing from the pure binary fluorides (CaF2, SrF2, BaF2), Diverse structure
evolutions were observed in the quasi-binary mixtures due to an additional second cation.
For (Ca0.5Ba0.5)F2 mixture, the amorphous sample firstly crystallizes into a solid
solution phase at 643 K, which decomposes at 753 K into the pure phases CaF2 and
BaF2. This is not shown in the known phase diagram of the CaF2/BaF2 system [92], as
the solid solution phase is attributed to a thermodynamic metastable phase [82].
In the amorphous phase of (Ca0.5Ba0.5)F2, the different cation types have different
cation–F bond lengths , i.e. the average length of Ca–F (2.31 A˚ ) is smaller than the
average length of Ba-F (2.67 A˚ ) in the amorphous (Ca0.5Ba0.5)F2 mixture (Fig. 6.6). In
order to form the solid solution phase, the average bond lengths of the Ca–F and Ba–F
have to equalize, consequently the Ca–F bond lengths have to be stretched from their
equilibrium points and the Ba–F bond length has to be compressed. This corresponds
to a high potential energy which can only be overcome at high temperatures when the
cations become mobile. The consequence is a stabilization of the amorphous phase of
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Table 6.1: Summary of the structure evolution of the investigated earth alkali fluorides
Amorphous Intermediate phase Stable phase
phase (metastable)
458 K–653 K > 653 K
MgF2 < 458 K CaCl2-type with rutile-type
rutile-type distortion
CaF2 < 273 K none > 273 K
fluorite-type
SrF2 < 273 K none > 273 K
fluorite-type
BaF2 < 273 K none > 273 K
fluorite-type
643 K–753 K > 753 K
(Ca0.5Ba0.5)F2 < 643 K solid solution phase-separated
CaBaF4 (fluorite-type) BaF2 + CaF2 (fluorite-type)
593 K–723 K > 723 K
(Ba0.7Mg0.3)F2 < 593 K amorphous (Ba0.5Mg0.5)F2 BaMgF4
+ BaF2 (fluorite-type) (orthorhombic BaZnF4-type)
+ BaF2 (fluorite-type)
this mixture. In the intermediate phase, i.e. the solid-solution phase, Ca2+ and Ba2+
are randomly mixed on the atomic level. Thus, the formation of this solid solution does
not require long-range transport of the cations. Only local movements leading to new
equilibrium positions are needed. The local rearrangement of the ions requires much less
energy than the long-range transport. Therefore, during the temperature increase the
solid-solution phase first appears before the two different ion types separate.
In the case of (Mg0.3Ba0.7)F2 mixture, the amorphous sample crystallizes at 593 K and
forms crystalline BaF2; further at 723 K, the ternary crystalline phase MgBaF4 forms.
These processes reflect the phase diagram [93].
The (Ba0.7Mg0.3)F2 mixture has more complicated situation. The difference of ionic
radii between Mg2+ and Ba2+ is much larger than between Ca2+ and Ba2+. Moreover,
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differing from 8-fold-coordinated Ba2+ ions, Mg2+ ions prefer 6-fold coordination as their
smaller radii. Therefore, formation of solid solution Ba7Mg3F20 is difficult and requires
much higher energy than Mg2+ ion transport. Thus, the (Ba0.7Mg0.3)F2 mixture shows
component separation, i.e. BaF2 separates from the amorphous matrix after the first
crystallization. Then Ba-rich regions form for BaF2 nanocrystallites, leaving amorphous
regions with a ratio of Mg : Ba = 1 : 1. The amorphous residual is thus able to form
crystalline BaMgF4 when the temperature is further increased.
6.5 Conclusion
In this work, the structure evolution of the alkaline earth fluorides: CaF2, SrF2, and
BaF2 and their mixtures in the case of (Ca0.5Ba0.5)F2 and (Ba0.7Mg0.3)F2 is investigated.
Their phases occurred during the annealing processes were studied. The influences by
cation ionic radii and of the addition of a second cation in the fluoride systems are
revealed by this study. Diverse structure evolutions were observed in the quasi-binary
mixtures. Moreover, differing from MgF2, the amorphous CaF2, SrF2, and BaF2 directly





7.1 Log-ratio deconvolution for multiple-scattering
correction
Dynamic scattering is a significant effect when the specimen is thick or the kinetic energy
of the electron beam is low (120 keV in the Zeiss 912). It causes multiple-scattering which
cannot be simply treated by the kinematic scattering theory. In diffraction, multiple
scattering causes the experimental intensity to be much higher than the theoretical one
at large angle. This results in a deviation of the experimental PDF from the true PDF.
Therefore, quantitative analysis of the PDF from the experimental data is hindered by
these multiple-scattering effects, especially if coordination numbers are of interest.
One way to consider multiple-scattering is to treat the distribution of the twice
scattered electrons as a 2D convolution of the single scattering with itself, i.e. assuming
that the second scattering has the same angular distribution as the first one. Hence,
k -times scattering is a k -times convolution of the single scattering with itself, and the






Pk(~q) = [P1(~q)⊗ P1(~q)⊗ · · · ⊗ P1(~q)]k−times (7.2)
where L = D/λ is the ratio of specimen thickness (D) and elastic scattering mean
free path (λ), q = 2sinθ/λ is the scattering angle, I1 is the intensity of single scattered
electrons, and P1(~q) is the normalized single-scattering distribution, Ik is the intensity of
k -times scattered electrons, Pk(~q) is the normalized distribution of the k -times scattered
electrons. A Fourier-log deconvolution method is adopted to retrieve the single-scattering
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Figure 7.1: Illustration of multiple-scattering correction by Fourier-log deconvolution
with the experimental data of the 80 nm thick MgF2 amorphous specimen.
(a) Experimental diffraction profile (blue) and the average scattering factor
(green), the insert is enlarged part of the large angle range. (b) Corrected
diffraction profile (blue) and the average scattering factor (green), the insert
is enlarged part of the large angle range. (c) The structure factors from
the experiment (blue) and from the correction (red). (d) PDFs from the
experiment (blue) and from the correction (red).
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intensity (I1) and its distribution (P1(~q)). A more detailed description is shown in G.R.
Anstis’s work [62] and J.E. Ankele’ work [63].
Table 7.1: List of the average 1st shell coordination numbers
1st coordination shell uncorrected corrected MD perfect crystal
Amorphous MgF2 2.7 3.1 3.4 –
CaCl2-type MgF2 3.1 3.9 – 4.0
Rutile-type MgF2 3.1 3.5 3.8 4.0
Bunsenite-type NiO 3.7 11.7 – 6
The thicknesses D are taken as DMgF2 = 80 nm, and DNiO = 35 nm.
After multiple-scattering correction the diffraction line profile can be fitted by the
theoretical scattering factor in the whole angular range unlike the originally uncorrected
data where fitting at both small and large angles is impossible (Fig. 7.1a, b). The
scattering factor of the corrected data thus oscillates around zero (Fig. 7.1c). The
resulting PDF of the corrected data has larger peak intensities than the uncorrected
counterpart (Fig. 7.1d). The coordination numbers which are the integral intensities
below the PDF peaks are increased accordingly. Note that the correction has the same
effect as the polynomial fitting used in the data processing discussed in section 3.4 (Fig.
3.6b, d). This similarity is strong evidence that multiple-scattering is the main reason
for the deviation of the experimental diffraction data from the theoretical scattering
factor.
This method is applied to MgF2 data to try achieving the Mg–F coordination numbers
without influence of the multiple-scattering effect. The parameter of the specimen
thickness D can be measured by EELS. The elastic mean free path λ can be calculated
by following the equation: λ = 1/(ρ×σ), where ρ is the atomic density of the specimen,
and σ is the elastic scattering cross-section of the corresponding atoms which can be
found in [94]. Table 7.1 shows the first shell coordination numbers of the MgF2 sample
(D = 80 nm) for the three different phases and a crystalline NiO sample (D = 35 nm).
The numbers obtained for MgF2 are very close to the MD simulation data. However,
the results for the crystalline NiO film are far from the expected value of 6. The original
and corrected diffraction profiles of the NiO film are shown in Fig. 7.2. Negative
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Figure 7.2: Illustration of the failure of the Fourier-log deconvolution in crystalline NiO.
Lines are diffraction profiles. The zero intensity line is highlighted by the
green line.
intensity occurs in the corrected profile. This causes too much integrated intensities of
the PDF peaks, resulting in an unreasonably large coordination number. This degrades
the reliability of the coordination numbers obtained for the rutile-type phase and CaCl2-
type phase and even the amorphous phase MgF2.
The reason of the failure of the Fourier-log deconvolution in the crystalline sample is
that the method includes three basic approximation:
1. Transmitted beam has the same intensity as the incident beam, i.e. electron
absorption and back scattering are not taken into account.
2. Unique elastic mean free path λ, i.e. the same intensity drop for each scattering
event.
3. Same angular distribution in all scattering events.
The first two approximations assume that the Poisson distribution of the scattering
intensity (Eq. 7.1) is correct. The third approximation means that the sample is
treated as a fully isotropic structure everywhere (Eq 7.2). It ignores local structure
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fluctuations of the sample and causes failure in polycrystalline material. Even in the
amorphous material, the local anisotropic structure cannot be neglected due to their
non-zero structure factors and situations can be even worse when the material contains
local crystalline structures.
.
7.2 Structure reconstruction from experimental PDF
assisted by dynamic simulation
To achieve real multiple-scattering-free diffraction data, the dynamic scattering process
has to be considered in a forward way instead of mathematical deconvolution. The
forward way means taking the multiple-scattering into account by applying a dynamic
process to a structure model to simulate the diffraction pattern which then contains
multiple-scattering effects. A reasonable structural model including all atom positions
thus becomes the key point. There are basically two ways to find a reasonable model.
One is to consider all forces between atoms then relaxing the model from an initial
state until equilibrium, such as in molecular dynamics (MD). Another is to retrieve the
structure model by comparing simulated data with real experiments, then go back to
change the model until the simulation fits to the experiments. According to the aim of
fixing the multiple-scattering problem, a method to retrieve the model by based on the
latter approach will be introduced.
7.2.1 The basic: Reverse Monte-Carlo (RMC)
Reverse Monte-Carlo, based on a random walking algorithm, has been a routine to
retrieve structure models by comparing experimental data with values derived from the
model [65–68]. Figure 7.3 shows the basic RMC algorithm in the model simulation:
1. Select a starting structure model.
2. Extract the PDF from the pseudo-model, Gmodel(r).
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Figure 7.3: Flow chart of the RMC algorithm.







where Gexp(r) is the experimental PDF, σ(r) relates to the experimental error.
4. Randomly move atoms in the structure model (usually with a uniform distance).
5. Calculate the new model’s PDF and its difference from the experimental PDF, χ2n
by Eq. 7.3.
6. If χ2n < χ
2
0, accept the movement in step 4 and replace the structure model by
the new model, and replace χ20 by χ
2
n, otherwise reject the structural changes and
stop.
7. Return to step 4.
With numerous iterations, χ20 will decrease to a minimum (in the best case a global
minimum which partially depends on the strength of the moving step in step 4) and the
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new model’s PDF will come closer to the experimental data. Then the refined model can
be judged as a reasonable model for the experimental data. One drawback is that the
iterative efficiency of this algorithm is low owing to the random movement of the model’s
atoms (in step 4), i.e. no direction can be predetermined. Moreover, some restrictions of
the movements are set in order to keep the simulated model physical reasonable. These
restrictions can strongly reduce the efficiency of the random movements.
7.2.2 Dynamic diffraction simulation combined with RMC
The experimental PDF is not multiple-scattering-free so that the simulated model
based on that can be wrong. Our new method adopts the basic RMC algorithm
and simultaneously takes the dynamic scattering process into account to reconstruct
a more reasonable model as well as its multiple-scattering-free PDF. The aim of this
new development is to overcome the multiple-scattering problem. The flow chart of the
basic idea is given below:
1. Produce an initial PDF (element-specific PDFs for multi-element materials). The
simplest case is to use the PDFs of crystalline structure of the material.
2. Build an initial structure model fitting to the pseudo-PDF by RMC.
3. Construct a supercell to simulate the thickness of the sample like in the real
measurement.
4. Calculate a diffraction pattern by a dynamical calculation using a multislice code
[90].
5. Calculate the PDF from the simulated diffraction pattern.
6. Compare the simulated PDF with the experimental PDF. Accept the initial PDF
as well as the initial structure model if the difference is small enough, otherwise
change the initial PDF in step 1 and repeat until a satisfying difference value is
obtained.
The method proposed here is a promising approach to overcome the problems resulted
from the dynamic scattering which has puzzled electron microscopists for decades. This
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Figure 7.4: Flow chart of the proposed algorithm to take the dynamic process into
account.
possible solution, which only requires one single diffraction experiment, but outputs a
model and element-specific partial PDFs, has promising perspectives for experimental
microscopists.
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8.1 Outlook
8.1.1 Element-specific partial PDFs from experiments
The PDF based on a single diffraction experiment only can derive the element-averaged
total PDF. In the investigation of multi-element matter the information of element-
specific coordination is of interest, however, the total PDF cannot give this informations,
when the element-specific partial PDFs overlap. Therefore, methods to experimentally
reveal the element-specific partial PDFs are desired in future studies.
One way is to combine electron diffraction data with techniques using other diffraction
sources which have different scattering factors than electrons, for example X-ray and
neutron radiation. From the three different radiation sources, three different PDFs
can be obtained. Then the element-specific partial PDFs can be extracted. However,
this method can only deal with binary matter as the binary matter contains three
partial PDFs. For ternary matters which have six partial PDFs, six different diffraction
data from additional three sources would be necessary. This is obviously impossible.
Furthermore access to X-ray synchrotron or neutron sources is not as easy as clicking a
button for the diffraction mode in a TEM.
Another way is to analyse the extended fine structure of EELS data (EXELFS) which
is the part of the spectrum from 30–50 eV past the onset until several hundreds of eV.
The oscillations of the EXELFS contain element-specific information of the structure
of the measured specimen. The partial PDFs can thus be gained from the EELS core-
loss spectra of different elements. This technique have been studied [95–98] and a brief
introduction can be found in Williams’ book [58] (chapter 40). The technique based
on the same principle has been routine in the extended X-ray absorption fine structure
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(EXAFS) [38, 39]. One problem on the EELS side is that EXELFS does not have as
good signal-to-noise ratio as EXAFS. Higher illuminating dose and longer acquisition
time can modify the structure of some materials due to the stronger interaction of
electrons compared to X-ray. However, it is worth testing such techniques in the future
for some more stable materials than the mixtures presented in chapter 6.
8.1.2 Other techniques for amorphous material characterization
Figure 8.1: Diffraction patterns of the (Ba0.7Mg0.3)F2 film obtain by (a) large-area
parallel illumination (Zeiss EM912, 1.2 µm diameter selected area aperture)
and (b) nanobeam illumination (SESAM, 1.9 nm beam diameter, 76 mrad
convergence angle).
Figure 8.1 shows the difference between the traditional diffraction pattern by large-
area illumination ((a), obtained in the Zeiss EM912 with select area aperture of 1.2 µm
diameter) and a nanobeam diffraction pattern using a nearly parallel beam illumination
((b), obtained in the SESAM with illumination condition of 1.9 nm beam-diameter and
0.76 mrad convergence angle, following the microscope configuration described in [99]).
The material is the amorphous (Ba0.7Mg0.3)F2 film presented in Section 6.3. The PDF
technique based on large-area diffraction offers an averaged information spanning a large
volume of the investigated sample (micrometers). However, nanobeam illumination is
spatially coherent and illuminates a much smaller volume of the specimen. Therefore the
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diffraction data contain more details in both scattering angle (Fig. 8.1b, represented by
the length of the orange arrowed dashed line, denoted as θ) and the azimuthal orientation
in the second dimension (Fig. 8.1b, represented by the azimuthal angle between the
orange arrowed dashed line and the non-arrowed dashed line, denoted as φ).
The θ value of the speckles in Fig. 8.1 contains information from the local area
(with diameter of a few nm). More fluctuation in a diffraction series record at different
positions of a specimen represents more established medium-range ordering, therefore, it
is an effective mean to detect “para-crystallites” hidden inside amorphous materials. The
technique called “fluctuation microscopy” is designed basing on such principle [100–104].
Another technique is called (angular) cross-correlation analysis which focuses on the
second dimension information, i.e. the φ value (Fig. 8.1b). The azimuthal arrangement
of the speckles in the nanobeam diffraction pattern relates to the local symmetry of
the paracrystallites and their orientations. By analysing the φ-dependent correlation
coefficient of those speckles one can reveal the symmetric arrangement of atoms in the
specimen and hence the bonding angles and coordination numbers. Such a technique has
been utilized in X-ray synchrotron diffraction and was applied to investigate colloidal
glasses [105].
8.2 Conclusion
In this work, the disordered structures in the amorphous phases and distortions in the
crystalline high-temperature phases of the investigated materials were studied by the
PDF technique. In combination with XRD and MD, the CaCl2-type crystallization
nuclei were found in the amorphous MgF2 deposit. Moreover, amorphous intergranular
regions in the annealed MgF2 specimen were detected. This successfully explains
the discrepancy between the existence of the CaCl2-type metastable phase and the
theoretical prediction, and hence shows a thorough understanding of the structure
evolution through the metastable phase.
The height of peaks in the PDF contains coordination information. The coordination
number can be extracted from the peaks, although it is not straightforward due to
multiple scattering. The relative height of the peaks in the PDF still gives an intuitive
view of the short-range ordering of the investigated materials. With PDF the information
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is translated into real space instead of the ambiguous diffuse scattering in the reciprocal
space, thus, can be directly read out without complicated theoretical simulations. Based
on this, the amorphous phase of other alkaline earth fluorides and their mixtures were
investigated by the experimental PDFs.
Although the two methods introduced in section 8.1 are powerful, the traditional PDF
measurement from simple diffraction experiment is the most convenient and preferred
route and offers strong feasibility for beam-sensitive materials. It offers material
scientists and microscopists a straightforward way to explain diffuse scattering, hence
to get access into disordered structures. By combining the proposed multiple-scattering
correction method (chapter 7.2.2), the traditional PDF measurements based on electron
diffraction can be more powerful and reliable for complex materials.
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